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CHAPTER  1 


INTRODUCTION 


1 . 1  Authority. 

This  report  was  prepared  in  conformance  with  ER  1110-2-1806,  "Earthquake 
Design  and  Analysis  for  Corps  of  Engineers  Projects,"  dated  16  May  1983. 

1.2  Purpose  and  Scope. 

The  study  was  performed  to  assess  the  seismic  safety  of  Harry  L. 
Englebright  Dam  under  maximum  credible  earthquakes. 

1.3  Location. 

Englebright  Dam  is  located  on  the  Yuba  River  about  20  miles  northeast  of 
Marysville,  California.  The  dam  is  in  Yuba  and  Nevada  Counties  which  are  part 
of  Seismic  Zone  3  (see  Figure  1-1).  Location  of  the  dam  is  shown  in  Figure 
1-2 . 

1.4  Project  History. 

Englebright  Dam  was  built  as  part  of  the  Sacramento  River  and  Tributaries 
project  to  control  debris  from  hydraulic  mining  operations  upstream  on  the 
Yuba  River.  Construction  began  in  1939  under  contract  to  the  team  of  Arundel 
Corporation  and  L.  E.  Dixon  Company.  The  project  was  completed  in  1941.  In 
1942,  a  Congressional  war  order  closed  the  gold  mines  in  the  state  of 
California.  The  order  was  lifted  in  ^4^"but  mining  activities  were  never 
fully  resumed.  In  1945,  the  dam's  name  was  changed  from  Upper  Narrows  Dam  to 
Harry  L.  Englebright  Dam.  Mr,  Englebright  was  the  Nevada  Congressman  who  was 
instrumental  in  securing  an  amendment  to  the  act  which  allowed  construction  of 
high  dams  to  revive  hydraulic  mining.  Mining  activities  have  ceased  since  the 
dam's  completion  in  1941,  and  the  reservoir  is  now  used  for  hydroelectric 
power  and  recreation.  The  minor  amount  of  debris  deposited  in  the  reservoir. 


due  to  the  natural  movement  of  material  from  upstream  areas,  does  not  affect 
the  use  of  the  reservoir. 


1.5  Description. 

Englebright  Dam  is  a  constant-angle,  concrete  arch,  overflow  dam.  The 
dam  rises  260  feet  above  the  streambed.  The  total  crest  length  is  1,142  feet; 
top  crest  width  is  21  feet.  A  central  overflow  section  in  the  dam  is 
depressed  15  feet  with  5  bays  for  a  total  net  length  of  486  feet.  A  slight 
overhang  at  the  top  in  the  central  section  permits  overpassing  water  to  fall 
clear  of  the  base  of  the  dam.  The  plunge  pool  directly  below  the  dam  serves 
as  a  water  cushion  to  dissipate  the  energy  of  the  overflowing  water.  Figures 
1-3  through  1-8  show  the  plan,  elevation,  and  sectional  views  of  the  dam. 

Table  1-1  lists  general  pertinent  data. 


1.6  Construction  History. 


Englebright  Dam  was  constructed  from  1939  to  1941.  Specifications  for  the 
project  required  completion  of  all  excavation  before  placing  of  concrete.  A 
further  requirement  was  for  excavation  to  begin  at  crest  elevation  and  to 
proceed  downward.  Excavation  began  in  the  spring  of  1939.  River  diversion 
was  accomplished  in  November  1939.  Streambed  excavation  was  completed,  some 
forms  set,  and  the  initial  concrete  placed  by  December  1939.  The  concrete  was 
placed  in  5-foot  lifts,  in  alternating  50- foot  long  blocks.  Vertical 
contraction  joints  were  placed  at  50-foot  intervals  and  grouted  to  offset 
shrinkage  of  the  concrete.  Keys  were  provided  at  the  joints  to  lock  the 
sections  together.  Progress  was  interrupted,  however,  by  heavy  rains  and 
subsequent  flooding  in  December  1939  and  January  1940. 


From  the  end  of  January  until  the  middle  of  June  1940,  the  contractor 
confined  construction  activities  to  the  placing  of  blocks  on  both  abutments. 

A  slide  during  construction  caused  the  placement  of  concrete  steps  on  the 
downstream  side  of  the  right  abutment.  These  steps  spread  the  footing  of  the 
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dam,  added  strength,  and  aided  workers  in  setting  the  forms  which  had  been 
washed  away  or  badly  damaged  by  the  winter  storms. 

Concreting  operations  resumed  in  June  with  the  placement  of  the  concrete 
in  the  streambed  section.  Construction  of  the  center  portion  of  the  dam  then 
proceeded.  Final  excavations  were  completed  by  the  end  of  the  summer  of 
1940.  Concrete  placing  continued  from  the  first  of  August  until  December  19, 
1940  when  the  final  lift  was  placed,  The  following  day  the  closure  gate  over 
the  diversion  opening  was  dropped  and  filling  of  the  reservoir  began. 

On  December  21,  1940  a  heavy  rainstorm  swept  over  the  watershed  of  the 
Yuba  River.  The  gate  of  the  power  outlet  structure  was  left  open,  but  the 
70,000  acre-foot  reservoir  quickly  filled.  Fnglebright  Dam  spilled  for  the 
first  time  on  December  26,  1940.  The  next  day  the  head  over  the  spillway 
reached  7.2  feet,  corresponding  to  a  discharge  of  34,000  second  feet.  Once 
the  storm  and  the  Yuba  River  subsided,  the  contractor  formed  and  poured  the 
aeration  piers  on  the  spillway  crest. 

1.7  Major  Features. 

a.  Spillway. 

The  initial  spillway  capacity,  without  overflowing  the  higher  concrete 
section,  was  110,000  cfs.  Since  project  completion,  the  spillway  capacity  has 
been  reduced  to  102, 000  cfs  by  modification  of  the  spillway  ends.  This 
modification  was  prompted  by  erosion  to  the  abutments  and  to  the  downstream 
face  of  the  dam  near  the  abutments  in  1944  and  1952.  The  erosion  was  caused 
by  water  passing  over  the  overflow  section  of  the  dam.  The  damaged  section 
was  cleaned  and  repaired  with  concrete  in  1944  and  with  gunite  in  1952.  The 
overflow  section  was  then  narrowed  20  feet  to  prevent  Further  erosion  to  the 
base  of  the  dam.  The  section  is  depressed  15  feet,  making  its  present  length 
486.4  feet.  Four  aeration  piers  let  in  air  underneath  the  overflowing  water. 
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b.  Instrumentation, 


Instrumentation  was  used  to  guide  selection  of  the  proper  time  for 
grouting  the  contraction  joints.  Fifty-two  strain  meters,  8  joint  meters,  and 
53  resistance  thermometers  were  installed  at  strategic  locations  during  dam 
construction.  All  but  2  of  the  23  monoliths  in  the  dam  contained  one  or  more 
thermometers .  This  instrumentation  provided  data  on  stress  and  temperature 
distributions  in  various  sections  of  the  dam. 

Results  of  these  initial  stresses  and  temperature  distribution 
studies  are  as  follows; 


(1)  The  rate  of  dissipation  of  the  heat  of  hydration  from  the 
concrete  varied  directly  with  the  section  thickness; 

(2)  The  time  lag  for  influence  of  external  temperature  fluctuations 
varied  directly  with  the  section  thickness; 

(3)  Approximately  93  percent  of  the  total  heat  had  to  be  lost  before 
seasonal  temperature  fluctuations  became  effective. 


After  approximately  99  percent  of  the  total  initial  heat  had 
dissipated,  the  temperature  curve  for  the  concrete  interior  assumed  a 
consistent,  uniform,  sinusoidal  pattern.  The  curve  fluctuated  about  the 
average  mean  annual  air  and  water  temperature  at  a  particular  elevation. 

No  instrumentation  data  have  been  recorded  since  1946.  Observations 
were  unnecessary  due  to  the  dissipation  of  the  total  initial  heat.  No  new 
instrumentation  has  been  installed. 

c.  Hydroelectric  Power  Plants 

Outlet  facilities  were  built  to  allow  reservoir  releases  for 
hydroelectric  power  generation,  and  two  power  plants  have  been  built  at  the 
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dam.  Power  Plant  No.  1  is  owned,  maintained,  and  operated  by  Pacific  Gas  and 
Electric  Company.  The  plant  uses  an  extension  of  the  diversion  tunnel  near 
the  right  abutment.  The  powerhouse  is  an  indoor  type.  The  generator  is  rated 
11,000  KVA .  Maximum  load  is  11  MW.  Power  Plant  No.  2  is  owned,  maintained, 
and  operated  by  the  Yuba  County  Water  Agency.  It  is  located  approximately  400 
feet  downstream  of  the  right  abutment.  The  powerhouse  is  a  single  unit, 
outdoor  type.  Maximum  load  is  55.5  MW. 

1.8  Drainage  Basin. 

The  drainage  basin  tributary  to  Eriglebright  Dam  is  drained  by  the  Yuba 
River.  The  basin  comprises  1,108  square  miles  of  foothill  and  mountain 
country  on  the  westerly  slope  of  the  Sierra  Nevada.  The  easterly,  or  higher 
part  of  the  basin  rises  to  a  maximum  elevation  of  over  9,000  feet.  Reservoir 
topography  is  shown  in  Figure  1-9. 

This  region  experiences  heavy  snowfall.  The  maximum  record  snowfall  at 
Donner  Summit  in  the  southeast  corner  of  the  drainage  basin  was  314  inches  on 
18  March  1952.  The  average  yearly  maximum  snow  depth  in  this  area  for  the 
period  1941  through  1985  is  133  inches.  The  average  annual  snow  depth  for 
1975  through  1985  is  141  inches.  Thus,  frequent  heavy  runoff  has  occurred  at 
the  damsite. 

1.9  Hydrology  -  Probable  Maximum  Flood. 

Reservoir  control  data  recorded  from  1973  through  1985  indicate  that 
Eriglebright  Dam  spilled  10  of  those  13  years.  The  total  number  of  spills 
during  that  period  was  42. 

Floods  on  the  Yuba  River  have  been  frequent,  especially  during  the  last 
150  years.  Extensive  streamflow  records  were  not  taken  prior  to  1955,  but 
since  1955  three  floods  were  recorded  with  peak  flows  exceeding  110,000  cf s . 
The  largest  peak  flows  of  the  Yuba  River  at  Englebright  Dam  are  shown  in  Table 
1-2. 
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The  characteristics  of  Englebright  Dam's  inflow  and  outflow  hydrographs 
are  almost  identical.  The  difference  in  peak  flow  is  only  1,000  cfs  with  a 
peak  storage  of  100,000  acre-feet. 

The  capacity  of  the  central  overflow  section  of  the  spillway  has  been 
exceeded  three  times  during  the  period  1950  through  1985.  Inspection  reports 
and  work  items  show  that  these  events  caused  significant  erosion  to  the  base  of 
the  dam.  The  ability  of  the  dam  to  withstand  long  duration  overflows  that 
exceed  200,000  cfs  is  important  to  its  safety.  Table  1-3  lists  the  theoretical 
number  of  hours  that  the  given  flows  will  be  exceeded  during  the  Probable 
Maximum  Flood. 

1.10  Pool  Elevation. 

The  highest  pool  elevation  was  548.3  feet  on  22  December  1964.  Mean 
pool  elevation  from  1955  through  1985  was  515.69  feet.  The  normal  operating 
level  range  is  Elevation  520  to  524  feet.  This  level  allows  optimal  use  of 
the  two  hydroelectric  power  plants. 


CHAPTER  2 


GEOLOGY 


2.1  Geologic  Features. 

Eriglebright  Dam  is  located  in  the  northern  part  of  the  Western  Sierra 
Nevada  Metamorphic  Belt.  This  belt  consists  of  a  series  of  northwest-trending 
assemblages  of  metamorphosed  Paleozoic  and  Mesozoic  volcanic  and  sedimentary 
rocks  that  have  been  intruded,  primarily  along  the  east  side,  by  plutonic 
rocks  of  the  extensive  Mesozoic  Sierra  Nevada  batholith.  The  structure  of  the 
metamorphic  rocks  is  complex  because  folding,  faulting,  and  intrusion  have 
caused  successive  deformations.  The  major  geologic  structures  in  the  area 
strike  about  N.  25*  W,  and  dip  steeply  northeast. 

Eriglebright  Dam  is  underlain  by  metavolcanic  rocks,  probably  of  Jurassic 
age.  These  rocks  were  intruded  by  plutonic  rocks  of  Jurassic  to  Cretaceous 
|  age.  The  metavolcanic  rocks  originally  consisted  of  volcanic  tuffs,  breccias, 
arid  flows  with  some  pillow-structured  basalts  which  indicate  the  material  was 
extruded  into  water.  The  plutonic  rocks  range  in  composition  from  basic 
intrusives  to  acidic  quartz  diorite  and  grancd iorite . 

The  entire  bedrock  complex  at  Englebright  Dam  consists  largely  of  dikes, 
interdike  metavolcanic  rocks,  and  intrusive  quartz  diorite.  The  river 
section,  lower  canyon  slopes,  and  much  of  the  right  abutment  are  predominantly 
quartz  diorite  which  is  a  light-colored,  fine  to  medium  grained,  massive, 
crystalline  rock.  This  quartz  diorite  is  cut  by  scattered  uralite  diabase  and 
meta-basalt  dikes.  The  left  abutment  and  part  of  the  upper  right  abutment  are 
predominantly  metavolcanic  rocks.  These  rocks  consist  of  uralite  diabase, 
meta-andesite,  and  meta-andesite  tuff  breccia. 

The  uralite  diabase  underlies  a  considerable  portion  of  the  downstream, 
foundation  area.  It  is  a  dark-colored ,  fine  grained,  massive,  crystalline 
rock  that  is  partly  intrusive  and  partly  indicative  of  massive  lava  flows. 

The  meta-andesite  is  found  in  both  abutments  and  consists  of  metamorphosed 
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lava  flows.  The  meta-andesite  tuff  breccia  was  originally  a  volcanic  lapilli 
tuff  or  tuff  breccia,  the  product  of  explosive  eruptions.  This  breccia  was 
consolidated  by  compression  and  metamorphism  into  massive  rock. 

All  of  the  foundation  rocks  are  moderately  to  highly  fractured  and 
jointed.  They  contain  numerous  tight  shears  and  fault  zones.  Several  narrow 
fault  zones  were  described  in  the  foundation  explorations;  some  were 
encountered  during  foundation  excavation.  The  most  prominent  fault  traverses 
the  upper  left  abutment  and  was  encountered  and  explored  in  the  lower  left 
abutment.  It  also  extends  a  few  hundred  feet  downstream  from  the  dam  on  the 
right  side  of  the  river.  The  fault  strikes  about  N.  74°  E.  and  dips  73°  to 
80°  northwest. 

2.2  Foundation  Explorations. 

foundation  explorations  consisted  of  eighteen  diamond  core  drill  holes; 
three  tunnels  in  the  right  abutment;  two  tunnels  in  the  left  abutment;  a  few 
inclined  shafts;  and  some  trenches.  Drill  logs  and  data  are  available  only 
for  Drill  Holes  12  through  18  in  the  canyon  bottom.  No  logs  or  detailed 
descriptions  are  available  for  the  other  explorations.  A  brief  summary  of 
some  data  is  available  in  an  undated  "Geological  Report  on  the  Upper  Narrows 
Damsite,"  by  Consulting  Geologist  George  D.  Louderback.  The  probable  date  of 
the  report  is  1938.  The  document  refers  to  a  geologic  map,  geologic  profile, 
logs  of  drill  holes,  and  other  geological  interpretation  data. 

2.3  Foundation  Excavation. 

No  data  are  available  on  foundation  excavation.  However,  since  contract 
specifications  required  completion  of  all  excavation  before  placing  concrete, 
excavation  is  assumed  to  have  been  done  in  that  manner,  beginning  at  the  crest 
and  proceeding  down  the  abutments.  Initial  excavation  was  probably  done  by 
dozers,  followed  by  drilling  and  blasting.  Faulted  and  fractured  rock  sloping 
riverward  and  downstream  was  encountered  during  excavation.  This  discovery 
resulted  in  substantial  redesign  of  the  dam,  and  the  quantity  of  excavation 
for  that  area  was  doubled . 
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Most  excavated  materials  were  removed  by  heavy  equipment;  final  mucking 
and  cleanup  were  done  by  hand  labor.  The  total  amount  of  excavated  material 
is  unknown.  All  rock  surfaces  were  cleaned  by  washing  with  high  pressure 
air-water  hoses  to  prepare  for  concrete  placement. 

2.4  Foundation  Treatment. 

As  in  the  cases  of  foundation  exploration  and  excavation,  very  little 
data  are  available  on  foundation  treatment.  According  to  standard  practice  of 
the  time,  slurry  grout  was  probably  placed  on  the  exposed  foundation  to  fill 
fractures  and  depressions.  Tunnels  in  the  abutments  were  probably  backfilled 
with  concrete. 

A  slide  occurred  on  the  right  abutment  during  construction  of  Fnglebright 
Dam.  Consequently,  a  series  of  concrete  steps  was  constructed  up  the  right 
abutment  in  5-foot  lifts,  with  vertical  contraction  joints  at  50-foot 
intervals.  These  steps  added  strength  to  the  dam  and  aided  in  setting  the 
forms . 

Foundation  drilling  and  grouting  were  performed  although  no  data  or 
drawings  are  available.  A  single-line  grout  curtain  was  probably 
constructed.  Grout  pipes  were  installed  in  the  foundation  rock  prior  to 
initial  concrete  placement. 
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CHAPTER  3 


SEISMICITY  AND  ACCELEROGRAMS 

3.1  Seismicity  and  Seismic  Intensity. 

A  report  entitled  "Seismicity  and  Seismic  Intensity  Study,  Englebright 
Dam,  California,"  dated  January  1983,  by  Bruce  A.  Bolt,  and  included  as 
Appendix  A,  was  used  to  determine  the  seismic  parameters  of  design  earthquakes 
which  might  be  expected  in  the  vicinity  of  Englebright  Dam. 

The  report  concludes  that  a  maximum  earthquake  would  occur  from  6  to  10 
km  away  from  the  dam  and  that  its  magnitude  would  be  from  6.25  to  6.5  on  the 
Richter  scale.  The  report  stresses,  however,  "...  that  an  earthquake  of  this 
magnitude  is  very  unlikely  within  the  lifetime  of  the  dam  and  its  adoption 
would  provide  an  upper  bound  to  feasible  ground  motions  for  engineering 
analysis." 

3.2  Selection  of  Accelerograms . 

Based  on  Dr.  Bolt's  report,  a  second  report  entitled  "Selection  of 
Accelerograms  for  Seismic  Safety  Evaluation  of  Englebright  Dam,  California"  by 
H.  Bolton  Seed,  undated  and  included  as  Appendix  B,  provided  two  accelerograms 
for  use  in  engineering  studies  of  Englebright  Dam.  These  accelerograms  are 
designated  as  follows: 


M6.5-8K-83  Magnitude 

Peak  acceleration 
Peak  velocity 
Duration 
Time  step 


-  6.5  Richter 

=  0.5  g 

=  37.5  cm/sec 
=  18,0  sec 
=  0,01  sec 


M6.4-8K-83  Magnitude 

Peak  acceleration 
Peak  velocity 
Duration 
Time  step 


=  6.4  Richter 

=  0.5  g 

=41.5  cm/sec 
=  16,0  sec 
=  0.02  sec 
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3.3  Modification  of  Accelerograms. 


The  accelerograms  provided  by  Dr.  Seed  represented  earthquake  shaking  in 
a  direction  normal  to  the  axis  of  the  dam.  Since  ground  motions  during  an 
earthquake  are  more  appropriately  described  by  three  components  of  shaking,  it 
was  necessary  to  modify  the  accelerograms  to  include  motions  in  three 
directions : 

1.  Normal  to  the  axis  of  the  dam 

2.  Along  the  axis  of  the  dam 

3.  Vertical  motions 

In  a  letter  dated  July  12,  1985  and  included  as  Appendix  C,  Drs .  Bolt  and 
Seed  recommended  that  the  two  additional  components  be  generated  as  follows: 


M6.5-8K-83 


1.  Motions  along  the  axis  of  the  dam  should  be  the  same  as  motions 

normal  to  the  axis  but  with  a  phase  shift  of  0.45  seconds. 

2.  Vertical  motions  should  be  the  same  as  motions  normal  to  the 
axis  but  with  the  frequency  increased  by  a  factor  of  1.5  and  the 
amplitudes  reduced  by  a  factor  of  0.5. 

M6.4-8K-83 

1.  Motions  along  the  axis  of  the  dam  should  be  the  same  as  motions 

normal  to  the  axis  but  with  a  phase  shift  of  0.50  seconds. 

2.  Vertical  motions  should  be  the  same  as  motions  normal  to  the 
axis  but  with  the  frequency  increased  by  a  factor  of  1.5  and  the 
amplitudes  reduced  by  a  factor  of  0.5. 


II 


Due  to  their  increased  frequency,  the  resulting  vertical  components  had 
time  steps  (delta  T)  that  were  smaller  than  the  time  steps  of  the  other  two 
components.  Since  the  analysis  required  that  all  three  components  have  the 
same  time  step,  modification  of  the  resulting  vertical  components  was 
necessary.  The  components  were  modified  by  deleting  "extra"  points  while 
preserving  local  peaks, 

In  the  following  chapters,  the  term  QUAKE  1  refers  to  the  three 
components  of  l%.5-8k-83,  and  QUAKE  2  refers  to  the  three  components  of 
M6.4-8k-83.  QUAKE  1  and  QUAKE  2  are  maximum  credible  earthquake  events. 

3.4  Further  Modifications. 

In  order  to  minimize  the  required  calculations  and  optimize  computer 
time,  it  was  recommended  by  Professor  Anil  K.  Chopra  of  the  University  oF 
California  at  Berkeley  that  accelerogram  M6.5-8K-83  be  modified  to  have  a  time 
step  of  0.02  seconds  instead  oF  0.01  seconds.  The  accelerogram  was  modified 
by  deleting  "extra"  points  while  preserving  local  peaks.  Accelerograms  and 
response  spectra  before  and  after  modification  compared  favorably  and  are 
shown  in  Figures  3-1  through  3-4. 

Figures  3-5  through  3-7  show  the  three  components  of  M6.5--8K-83  and 
Figures  3-8  through  3-10  show  the  spectral  accelerations  For  each  component 
for  two  damping  ratios. 

Figures  3-11  through  3-13  show  the  three  components  of  M6.4-8K-83  and 
Figures  3-14  through  3-16  show  the  spectral  accelerations  for  each  component 
for  two  damping  ratios. 
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CHAPTER  4 


CONCRETE  AND  FOUNDATION  PROPERTIES 


4.1  Concrete  Properties. 

The  Corps  of  Engineers  conducted  static  testing  of  6  inch  x  12  inch 
concrete  cores  drilled  from  Englebright  Dam  to  determine  the  compressive 
strength,  splitting  tensile  strength,  modulus  of  elasticity,  and  Poisson's 
ratio.  Rapid  loading  tests  for  these  same  properties  were  performed  by  the 
U.S.  Bureau  of  Reclamation  (USBR)  Laboratory  in  Denver  on  6  inch  x  12  inch 
cores.  Test  data  from  the  two  test  programs  and  the  location  maps  of  the 
concrete  cores  are  presented  in  Appendix  D.  The  USBR's  tests  indicated  little 
or  no  increase  in  concrete  material  properties  for  rapid  loading  conditions 
(see  Table  D-5  in  Appendix  D).  Concrete  properties  used  in  the  finite  element 
model  are  as  follows: 

Modulus  of  Elasticity  Ec  =  4.75  x  lO^psi 

Poisson's  Ratio  v  -  0.20 

c 

Unit  Weight  Y 1  =  155  pcf 

The  above  value  of  E  for  the  dam  is  the  arithmetic  average  of  the 
static  values  determined  by  laboratory  analysis  of  13  test  specimens  taken 
from  the  dam.  The  value  of  v  used  is  the  average  of  the  dynamic  results 
of  19  test  specimens. 

At  the  time  this  report  was  prepared,  a  supplemental  testing  program  was 
being  conducted  by  Professor  Jerome  M.  Raphael  at  the  University  of  California 
at  Berkeley.  The  following  test  results  were  obtained  from  Professor  Raphael 
prior  to  the  release  of  his  forthcoming  report  entitled  "Mass  Concrete  Tests  - 
Englebright,  Folsom,  Pine  Flat." 
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Average  Static  Splitting  Tensile  Strength  =  466  psi 
Average  Dynamic  Splitting  Tensile  Strength  =  624  psi 

The  above  values  are  adopted  as  a  measure  of  the  tensile  strength  of  the 
dam  concrete, 

4.2  Foundation  Rock  Properties. 

The  Corps  of  Engineers  conducted  testing  of  rock  cores  taken  from  the 
Englebright  damsite.  Test  results  and  the  location  map  of  rock  core  drill 
sites  are  included  in  Appendix  D.  Foundation  rock  properties  used  in  the 
finite  element  model  are  as  follows: 

Modulus  of  Elasticity  Ep  =  12.48  x  lO^psi 

Poisson's  Ratio  Up  =  0.24 

The  above  values  of  Ep  and  Up  for  the  foundation  rock  are  arithmetic 
averages  of  the  values  determined  by  laboratory  testing  of  12  rock  core  samples 
taken  from  the  damsite. 
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CHAPTER  5 


DESCRIPTION  OF  COMPUTER  PROGRAMS 


5.1  GTSTRUDL  and  EACD. 

A  three-dimensional  finite  element  analysis  of  Englebright  Dam  was 
accomplished  with  the  use  of  two  computer  programs:  GTSTRUDL  and  EACD. 

GTSTRUDL  is  a  general  purpose,  structural  engineering  software  program 
with  finite  element  capabilities.  The  program  is  a  product  of  the  GTICES 
Systems  Laboratory  of  the  School  of  Civil  Engineering  at  Georgia  Institute  of 
Technology.  GTSTRUDL  Version  84,03  is  used  in  this  study.  The  program  runs 
on  a  CDC  CYBER  176  computer  with  377K  words  of  central  core  memory  and  1000K 
words  of  extended  core  memory. 

EACD  is  a  computer  program  designed  specifically  for  three-dimensional 
static  and  dynamic  analyses  of  concrete  dams.  The  program  was  originally 
developed  at  the  University  of  California  at  Berkeley  by  Dr,  John  F.  Hall  and 
was  significantly  modified  by  Dr.  Ka-Lun  Fok  under  the  technical  supervision 
of  Professor  Anil  K.  Chopra.  The  program  was  coded  in  FORTRAN  IV  for  the  CDC 
7600  computer.  The  research  investigation  {1,  2,  3,  4}  was  supported  by 
the  National  Science  Foundation.  A  detailed  description  of  input  data  for  the 
program  is  available  in  reference  {5}.  In  the  study  of  Englebright  Dam, 
the  program  operates,  with  minor  modification,  on  the  CDC  CYBER  205  computer 
which  has  36,400K  words  of  central  core  memory  and  no  extended  core  memory. 

5.2  Load  Cases  Analyzed. 

The  program  EACD  has  some  limitations.  It  is  incapable  of  analyzing'the 
dam  for  (1)  silt  loading,  and  (2)  surcharge  loading  (water  overflowing  the 
dam)  corresponding  to  the  occurrence  of  the  probable  maximum  flood  (PMF).  The 
latter  condition  is  commonly  referred  to  as  the  unusual  loading.  The 
limitations  are  overcome  by  employing  GTSTRUDL  to  handle  the  aforementioned 


load  cases.  For  the  static  and  dynamic  load  cases  corresponding  to  gross  pool 
elevation,  analysis  of  the  dam  was  accomplished  by  EACD. 

5.3  Stress  Results. 

As  will  be  seen  in  Chapter  6,  solid  elements  are  used  for  discretizing  a 
three-dimensional  dam-foundation  system  in  both  GTSTRUDL  and  EACD  analyses. 
Utilizing  this  type  of  elements  in  GTSTRUDL,  stresses  are  output  at  the  nodal 
points  with  respect  to  the  global  coordinate  system.  Thus  a  postprocessor  was 
developed  to  convert  the  global  stresses  to  the  more  meaningful  stress 
quantities,  namely,  arch  stress,  cantilever  stress,  and  principal  stress, 

In  the  case  of  EACD  analysis,  stresses  are  output  at  the  Gauss  Quadrature 

f 

points  (of  order  2)  as  well  as  at  the  nodal  points  of  the  solid  dam  elements, 
with  reference  to  local  stress  axes  1,  2,  3  which  are  defined  at  each  stress 
location  in  terms  of  the  mapped  local  element  axes.  The  1,  2,  3  axes  can  be 

oriented  in  the  arch,  cantilever,  and  normal  directions,  respectively,  by 

properly  ordering  the  nodes  for  the  element  connectivity  (5).  Thus  the 

arch,  cantilever,  and  principal  stresses  can  be  computed  directly  from  EACD. 

Note  that  eight  Gauss  Quadrature  points  are  located  inside  each  solid  dam 
element.  The  points  are  defined  with  respect  to  the  local  element  axes,  and 
are  numbered  locally  1  to  8  for  each  dam  element  {5}. 
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CHAPTER  6 


DAW.  FOUNDATION  ROCK,  AND  RESERVOIR  FINITE  ELEMENT  MODELS 

6.1  Dam  Finite  Element  Models. 

Four  different  finite  element  meshes  are  considered  possible  candidates 
for  modeling  the  arch  dam.  The  models  are  described  as  follows: 

a.  l-Layer-8-Node  Solid  Finite  Element  Dam  Model. 

This  dam  mesh  is  composed  of  one  layer  of  finite  elements  through  the 
thickness  of  the  dam.  The  finite  element  idealization  of  the  dam  consists  of 
63  eight-node  solid  elements  and  2  six-node  prismatic  solid  elements.  The 
model  is  shown  in  Figure  6-1  and  is  abbreviated  as  1L.8ND  model  in  this 

report,  There  are  174  nodes  in  the  model  which,  if  complete  constraints  are 

allowed  for  at  the  dam-foundation  interface  (58  fixed  nodes),  provide  348 
degrees  of  freedom.  Note  that  3  translational  degrees  of  freedom  are 
associated  with  each  free  node  in  this  model. 

b.  l-Layer-20-Node  Solid  Finite  Element  Dam  Model. 

This  dam  mesh  is  composed  of  one  layer  of  finite  elements  through  the 
thickness  of  the  dam.  The  finite  element  idealization  of  the  dam  consists  of 
55  twenty-node  solid  elements  and  2  six-node  prismatic  solid  elements.  The 
model  is  shown  in  Figure  6-2  and  is  abbreviated  as  1I.20ND  model  in  this 
report.  There  are  487  nodes  in  the  model  which,  if  complete  constraints  are 

allowed  for  at  the  dam-foundation  interface  (133  fixed  nodes),  provide  1062 

degrees  of  freedom.  Note  that  3  translational  degrees  of  freedom  are 
associated  with  each  free  node  in  this  model. 

c.  2-Layer-20-Node  Solid  Finite  Element  Dam  Model. 

This  dam  mesh  is  composed  of  two  layers  of  finite  elements  through 
the  thickness  of  the  dam.  The  finite  element  idealization  of  the  dam  consists 
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of  110  twenty-node  solid  elements  and  4  six-node  prismatic  solid  elements. 
The  model  is  shown  in  Figure  6-3  and  is  abbreviated  as  2L20ND  model  in  this 
report.  There  are  768  nodes  in  the  model  which,  if  complete  constraints  are 
allowed  for  at  the  dam- foundation  interface  (213  fixed  nodes),  provide  1665 
degrees  of  freedom,  Note  that  3  translational  degrees  of  freedom  are 
associated  with  each  free  node  in  this  model. 


d.  8-Node  Thick  Shell  Finite  Element  Dam  Model. 


This  dam  mesh  is  composed  of  one  layer  of  finite  elements  through  the 
thickness  of  the  dam.  The  finite  element  idealization  of  the  dam  consists  of 
55  eight-node  shell  elements  and  2  three-node  prismatic  shell  elements.  The 
model  is  shown  in  Figure  6-4  and  is  abbreviated  as  8NTSD  model  in  this 
report,  There  are  206  nodes  in  the  model  which,  if  complete  constraints  are 
allowed  for  at  the  dam-foundation  interface  (53  fixed  nodes),  provide  765 
degrees  of  freedom,  It  is  important  to  note  that  all  nodes  in  this  thick 
shell  model  are  located  at  the  mid-surface  of  the  dam  and  that  5  degrees  of 


freedom  are  associated  with  each  free  node: 


3  translations  and  2  rotations. 


6.2  Determination  of  a  Suitable  Finite  Element  Dam  Model. 


A  study  was  conducted  to  determine  a  suitable  finite  element  idealization 
for  Englebright  Dam.  To  this  end,  the  natural  frequencies  (eigenvalues)  and 
mode  shapes  (eigenvectors)  of  the  first  10  modes  of  vibration  of  the  dam  on 
rigid  foundation  rock  without  water  were  computed  for  each  of  the  finite 
element  dam  models  described  in  the  preceding  section.  The  computer  program 
EACD  was  employed  to  perform  the  eigenvalue  analysis  (computation  of  natural 
frequencies  and  mode  shapes)  for  the  1L20ND  and  8NTSD  models  using  the 
consistent  mass  approach  (EACD  does  not  have  the  lumped  mass  option). 

GTSTRUDL  was  utilized  to  do  the  same  analyses  for  the  21.20ND  model  using  only 
the  consistent  mass  approach  and  for  the  1L8ND  and  1L20ND  models  using  both 
the  lumped  mass  and  consistent  mass  approaches.  It  should  be  noted  that  the 
consistent  mass  technique  is  less  computationally  efficient  but  more  accurate 


than  the  lumped  mass  approach.  The  computed  natural  frequencies  for  the  four 
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idealizations  of  Englebright  Dam  are  listed  in  Table  6-1.  Features  of  the 
four  finite  element  dam  models  are  summarized  in  Table  6-2. 

Comparison  between  the  four  dam  models  was  made  on  the  basis  of  the  medal 
frequencies.  The  comparison  reveals  a  close  resemblance  in  modal  frequencies 
only  between  the  1L.20ND  and  the  2L20ND  models.  In  addition,  the  mode  shapes 
for  these  two  models  are  similar  (see  Figures  6-5  through  6-24).  This 
resemblance  in  modal  characteristics  between  the  1L20ND  and  the  2L20ND  models 
indicates  that  both  finite  element  models  are  suitable  for  idealization  of  the 
dam.  Since  analysis  using  the  1L20ND  model  requires  less  computational  effort 
than  that  using  the  2L20ND  model,  the  1L.20ND  model  is  selected  as  the  dam 
model  used  in  subsequent  EACD  and  GTSTRUDL  analyses  in  this  study.  Figures 
6-25  through  6-41  show  the  elevation  and  sectional  views  of  the  1L20ND  model. 
Node  numbers  and  element  numbers  are  presented  in  these  figures. 

6.3  Foundation-Rock  Finite  Element  Model. 

The  flexibility  effects  of  the  foundation  rock  are  included  in  EACD's 
analytical  procedure  by  modeling  a  certain  volume  of  the  foundation  rock  under 
the  dam.  Theoretically,  the  foundation  rock  can  be  modeled  to  resemble  the 
actual  topography  of  the  foundation  rock  at  the  damsite. 


In  the  finite  element  analysis  of  Englebright  Dam,  the  shape  of  the 
foundation- rock  model  is  idealized  using  a  procedure  that  has  been  adopted  in 
the  computer  program  ADAP  {6},  The  foundation  mesh  generated  by  this 
procedure  is  believed  to  be  adequate  for  most  practical  purposes.  Utilizing 
the  above-mentioned  procedure,  the'dam  canyon  is  assumed  to  be  prismatic  in 


the  upstream  direction,  as  shown  in  Figure  6-42. 


v/ 


Basically,  the  foundation  mesh  can  be  thought  of  being  defined  by  a  group 
of  inclined  semicircular  planes.  The  nodal  point  arrangement  on  a  typical 
semicircular  plane  is  shown  in  Figure  6-43.  Foundation  nodes  1  and  3  are 
respectively  in  contact  with  the  downstream  abutment  nodal  point  and  the 
upstream  abutment  nodal  point  on  the  faces  of  the  dam.  Nodes  1  and  3  usually 
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do  not  lie  on  the  semicircular  plane.  Foundation  node  2  corresponds  to  the 
dam  abutment  mid-surface  node,  midway  between  the  corresponding  pair  of 
upstream  and  downstream  abutment  ncdal  points.  Node  2  is  the  common  center  of 
the  three  semicircles  drawn  in  dashed  lines.  It  is  apparent  that  foundation 
nodes  1,  2,  3,  4,  5,  6,  7,  8,  9  constitute  an  irregular  surface  (shaded 
portion)  joined  together  in  space  with  the  semicircular  plane  (unshaded 
portion).  Note  that  node  numbers  assigned  to  the  foundation  ncdal  points  in 
Figure  6-43  are  intended  to  show  the  order  of  node  numbering  in  the  foundation 
mesh. 


As  can  be  seen  from  Figure  6-43,  there  is  a  total  of  18  quadrilaterals  on 
each  of  the  inclined  semicircular  planes  (including  the  irregular  surface 
mentioned  above).  Thus  18  three-dimensional  solid  elements  are  formed  between 
two  consecutive  inclined  planes.  The  radius  Rp.  of  the  semicircular  plane, 
therefore,  controls  the  total  volume  of  the  foundation-rock  region  included  in 
the  analysis.  The  radius  parameter  Rp  should  be  chosen  to  be  large  enough 
to  satisfactorily  represent  foundation  flexibility  effects  in  the  response 
analysis  of  the  dam,  It  was  found  that  the  ratio  Ep./Ec  provides  a  basis 
for  selection  of  a  value  of  Rp.  {3},  where  Ep.  and  Ec  are  respectively 
the  Young's  modulus  of  the  foundation  rock  and  the  dam  concrete. 

For  the  case  of  Englebright  Dam  with  Ep/Ec  =2.6  (see  Chapter  4), 

Rf  -  1.5Hd  is  selected  to  adequately  represent  the  foundation-rock 
flexibility  effects,  where  -  267  feet  is  the  height  of  the  dam.  Having 
selected  a  value  for  Rp,  a  foundation  mesh  is  constructed  for  the  1L.20ND  dam 
model  using  a  mesh  generation  computer  program  already  developed  to  implement 
the  above-mentioned  procedure.  With  a  total  of  27  semicircular  planes  defined 
at  the  dam  abutment  mid-surface  nodes  along  the  dam  boundary,  a  foundation 
mesh  is  formed.  Figure  6-44  shows  the  foundation  mesh  constructed  for  the 
1L.20ND  dam  model,  and  Figure  6-45  depicts  the  foundation  mesh  supporting  the 
dam  mesh. 
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The  three-dimensional  finite  element  idealization  of  the  foundation-rock 
region,  shown  in  Figure  6-44,  consists  of  468  solid  finite  elements  with  781 
nodal  points,  Of  the  468  solid  elements,  26  twelve-node  elements  and  52 
nine-node  elements  are  modeled  in  order  for  the  dam  mesh  and  foundation  mesh 
geometrically  match  each  other  along  the  dam- foundation  interface.  The  rest 
of  the  468  elements  are  modeled  as  eight-node  elements.  This  foundation  mesh 
will  be  adopted  in  subsequent  analyses  of  Englebright  Dam  using  the  program 
EACD  (EACD  permits  use  of  variable  8  to  20  node  solid  elements). 

In  analyzing  the  dam  using  GTSTRUDL  for  the  cases  of  surcharge  loading 
and  silt  loading,  slight  modification  of  the  above- described  foundation  mesh 
is  necessary  because  GTSTRUDL  does  not  have  nine-node  solid  element  and 
twelve-node  solid  element  in  its  element  library  (GTSTRUDL  permits  use  of 
either  eight-node  or  twenty-node  solid  elements).  It  is  therefore  evident 
that  the  foundation  mesh  should  be  modified  by  omitting  all  the  non- corner 
nodes  of  the  nine-node  elements  and  the  twelve-node  elements.  The  mesh,  after 
modification,  consists  of  468  eight-node  solid  elements  and  will  be  used  in 
GTSTRUDL  analysis  of  the  dam.  It  should  be  noted  that  the  modification  causes 
minor  violation  of  geometric  compatibility  at  the  dam- foundation  interface. 

6.4  Boundary  Conditions. 

When  foundation- rock  flexibility  is  considered,  the  external  boundaries 
of  the  foundation  mesh  are  fixed  in  the  finite  element  analysis,  i.e.,  nodal 
points  at  the  outer  rims  of  the  semicircular  planes  of  the  foundation  mesh  are 
fixed.  In  this  case,  162  foundation  nodal  points  are  fixed.  Note  that  each 
free  foundation  nodal  point  has  3  degrees  of  freedom:  X,  Y,  Z  translations. 

When  foundation-rock  flexibility  is  not  considered  (completely  rigid 
foundation  rock  is  assumed),  the  dam  nodal  points  are  fixed  at  the  dam- 
foundation  interface.  In  this  case,  133  dam  nodal  points  are  fixed.  Note 
that  each  free  dam  nodal  point  has  3  degrees  of  freedom:  X,  Y,  Z  translations . 
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Table  6-3a  summarizes  the  important  features  of  the  dam  mesh  and  the 
foundation  mesh  used  in  EACO  analysis.  When  analyzing  the  dam  (including  the 
foundation  rock)  using  GTSTRUDL,  the  dam  mesh  and  the  foundation  mesh  are 
actually  treated  as  a  single  finite  element  model.  The  features  of  this  model 
are  presented  in  Table  6-3b. 

6.5  Material  Properties. 

The  foundation  rock  and  the  dam  concrete  are  assumed  to  be  homogeneous, 
isotropic,  and  linearly  elastic.  The  following  properties  are  used  in  this 
study  for  the  dam  and  foundation  models  (see  Chapter  4). 

Young's  Modulus  of  Elasticity  E  =  4.75  x  10^  psi 

Poisson's  Ratio  v  =  0.20 
c 

Unit  Weight  Yc  =  155  pcf 

Young's  Modulus  of  Elasticity  E^  =  12.48  x  10^  psi 
Poisson's  Ratio  u^.  =0.24 

Note  that  the  foundation  rock  is  assumed  to  be  massless  in  this 
investigation.  Only  the  static  foundation  flexibility  effects  are  considered; 
the  inertial  and  damping  effects  of  the  foundation  rock  are  ignored  in 
considering  dam-foundation  interaction  effects. 

6.6  Reservoir  Finite  Element  Model. 

The  reservoir  finite  element  model  discussed  in  this  section  is  used  only 
in  the  EACD  analysis.  The  model  is  not  applicable  to  GTSTRUDL. 

The  reservoir  behind  a  dam  is  generally  of  complicated  shape,  as  dictated 
by  the  natural  topography  of  the  damsite.  In  the  case  of  Englebright  Dam,  the 
reservoir  extends  a  large  distance  in  the  upstream  direction.  Theoretically, 
finite  element  idealization  can  be  used  to  properly  model  the  complicated 
geometry  of  the  entire  reservoir.  Such  an  idealization  is  considered 


Concrete: 


Foundation  Rock: 
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impractical  because  it  would  render  modeling  of  the  reservoir  intractable,  and 
would  require  prohibitive  computational  effort. 

For  most  practical  purposes,  an  efficient  approach  {1}  is  commonly 
adopted  to  idealize  the  reservoir  which  extends  to  large  distance  in  the 
upstream  direction,  as  shown  in  Figure  6-46.  In  this  approach,  the  finite 
element  idealization  of  the  reservoir  consists  of  an  irregular  region  of 
finite  size  connected  to  a  channel  of  uniform  cross  section  extending  to 
infinity  in  the  upstream  direction.  The  plane  which  connects  the  irregular 
region  of  the  reservoir  with  the  infinite  channel  is  referred  to  as  the 
transmitting  plane.  The  irregular  region  is  idealized  as  an  assemblage  of 
three-dimensional  fluid  finite  elements.  For  the  infinite  channel,  a  finite 
element  discretization  of  the  cross  section  combined  with  a  continuum 
representation  in  the  infinite  direction  provide  for  the  proper  transmission 
of  pressure  waves.  The  d iscretization  of  the  cross  section  should  be 
compatible  with  that  of  the  irregular  region  over  the  transmitting  plane. 

This  approach  is  used  in  this  study  to  model  the  reservoir  of  Englebright  Dam. 

Five  different  finite  element  fluid  meshes  are  essential  to  completely 
define  a  reservoir  finite  element  model.  These  meshes  are  referred  to  as  Mesh 
1,  Mesh  2,  Mesh  3,  Mesh  4,  and  Mesh  5  in  this  report.  The  definition  of  each 
mesh  is  presented  below. 

Mesh  1  spans  the  entire  irregular  region  of  the  reservoir,  with  the  mesh 
compatible  with  that  of  the  dam  at  its  upstream  face.  Mesh  2  spans  the 
transmitting  plane  connecting  the  irregular  region  with  the  infinite  channel. 
Mesh  3  spans  the  surface  of  the  reservoir  that  touches  the  dam.  Mesh  4  spans 
the  bottom  and  sides  of  the  reservoir  in  the  irregular  region.  Mesh  5  spans 
the  bottom  and  sides  of  the  transmitting  plane.  Note  that  Meshes  2,  3,  4,  5 
can  be  directly  derived  from  Mesh  1. 

In  modeling  the  reservoir  behind  Englebright  Dam,  the  transmitting  plane 
is  located  30  feet  from  the  upstream  base  of  the  crown  cantilever,  measured  in 
the  upstream  direction  (X  direction).  The  shape  of  Mesh  1  was  modeled  to 


resemble,  only  to  a  certain  extent,  the  actual  topography  of  the  reservoir, 
Geometric  compatibility  must  be  satisfied  at  the  dam-water  interface  but  minor 
violations  of  compatibility  at  the  foundation-water  interface  are  acceptable. 


The  reservoir  finite  element  model  is  shown  in  Figure  6-47.  Meshes  1 
through  5  for  the  model  are  described  as  follows: 


a.  Mesh  1  is  composed  of  102  twenty-node  finite  elements,  6 
seventeen-node  elements,  and  2  nineteen-node  elements.  The  elements  are 
three-dimensional.  The  seventeen-node  elements  and  nineteen-node  elements  are 
modeled  in  order  for  Mesh  1  to  be  compatible  with  the  dam  mesh  at  the  upstream 
face  of  the  dam. 


b.  Mesh  2  is  composed  of  55  eight-node  elements.  The  elements  are 
two-d imens ional . 

c.  Mesh  3  is  composed  of  47  eight-node  elements,  6  five- node  elements, 
and  2  seven-node  elements.  The  elements  are  two-dimensional.  The  five-node 
elements  and  seven-node  elements  are  modeled  to  satisfy  compatibility  between 
Mesh  3  and  the  dam  mesh. 


d.  Mesh  4  is  composed  of  50  eight- node  elements  and  2  seven-node 
elements.  The  elements  are  two-dimensional.  The  seven-node  elements  are 
modeled  to  satisfy  compatibility  between  Mesh  4  and  the  dam  mesh. 

e.  Mesh  5  is  composed  of  26  three-node  line  elements.  The  elements  are 
one-dimensional . 


Different  types  of  fluid  (water)  finite  elements  used  in  Meshes  1  through 
5  are  shown  in  Figure  6-48.  These  elements  are  derived  from  solutions  of  the 
pressure  wave  equation  (1). 


The  finite  element  idealization  of  the  reservoir  in  this  study  consists 
of  748  nodal  points  with  95  free  surface  nodal  points  on  top  of  the  reservoir 
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water.  Thus  the  idealization  has  653  pressure  degrees  of  freedom.  Note  that 
each  fluid  node  which  does  not  lie  on  top  of  the  reservoir  has  one  degree  of 
freedom,  i.e.,  hydrodynamic  pressure  at  the  node. 
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CHAPTER  7 


MODAL  CHARACTERISTICS  OF  THE  DAM- FOUNDATION  SYSTEM 


7.1  Frequencies. 

Natural  frequencies  for  the  first  15  modes  of  vibration  of  the  dam  on 
flexible  foundation  rock  with  empty  reservoir  were  computed  using  EACD  and  are 
shown  in  Table  7-1.  Also  presented  in  this  table  are  the  modal  frequencies  of 
the  dam  with  empty  reservoir,  with  the  foundation  rock  assumed  to  be  rigid.  A 
comparison  study  indicates  that  the  natural  frequencies  of  individual 
vibration  modes  of  the  dam  generally  decrease  when  the  flexibility  effects  of 
the  foundation  rock  are  considered,  i.e.,  the  dam-foundation  interaction 
lengthens  the  periods  of  vibration.  EACD  is  unable  to  directly  compute  the 
resonant  frequencies  of  the  dam  including  dam-water  interaction.  These 
frequencies,  which  are  known  to  be  affected  by  dam-water  interaction,  have 
been  investigated  in  depth  in  Dr.  Fok's  research  study  {3}  and  will  not  be 
re-investigated  here. 

7.2  Mode  Shapes. 

Mode  shapes  of  the  crown  cantilever  are  shown  in  Figures  7-1  through  7-15 
for  the  first  15  vibration  modes  of  the  dam  on  flexible  foundation  rock  with 
empty  reservoir.  The  corresponding  mode  shapes  of  the  dam  crest  are  depicted 
in  Figures  7-16  through  7-30.  Comparison  of  this  set  of  figures  with  the 
mode- shape  plots  for  the  case  of  rigid  foundation  (see  Figures  6-5  through 
6-24)  shows  that  modifications  in  the  mode  shapes  due  to  foundation 
flexibility  are  very  minor.  This  observation  is  expected  because  the 
foundation  rock  is  much  stiffer  than  the  dam  concrete  (foundation-rock  modulus 
is  2.6  times  the  dam-concrete  modulus). 

7.3  Number  of  Vibration  Modes  N  . 

-  m 

To  produce  accurate  earthquake  response  of  the  dam,  all  the  dam's 
vibration  modes  that  significantly  contribute  to  the  dynamic  response  should 
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be  included,  The  number  of  dam's  vibration  modes  necessary  for  accurate 
response  was  determined  from  a  study  in  which  the  dynamic  stress  response  of 
the  dam  was  computed  using  -  5,  10,  15,  20,  25,  and  30  for  each  of  the 
two  earthquake  excitations:  QUAKE  1  and  QUAKE  2.  In  this  investigation,  the 
dam  is  assumed  to  be  supported  on  rigid  foundation  rock  with  an  empty 
reservoir;  and  a  constant  hysteretic  damping  factor  n  =  0.10  for  the  dam 
concrete  was  selected.  This  damping  factor  corresponds  to  a  viscous  damping 
ratio  of  5%  in  all  natural  vibration  modes  of  the  dam  on  rigid  foundation  rock 
with  empty  reservoir  (see  Section  9-1  of  Chapter  9  for  more  discussion  about 
n) . 


The  time  history  of  dynamic  arch  stress  at  stress  location  4  in  dam 

element  9  due  to  QUAKE  1  excitation  for  N  =  15  and  20  is  shown  in  Figure 

7-31.  The  time  history  of  dynamic  cantilever  stress  at  stress  location  3  in 

dam  element  51  due  to  QUAKE  2  excitation  for  N  -  15  and  20  is  shown  in 

m 

Figure  7-32.  Stresses  due  to  static  loading  (dead  weight  of  the  dam)  are  not 

included  in  the  above  stress  responses.  Comparing  the  stress  histories  in 

Figures  7-31  and  7-32,  the  close  similarity  between  the  stress  response  for 

N  =15  and  that  for  N  =20  reveals  that  15  vibration  modes  are 
in  m 

sufficient  for  accurate  evaluation  of  the  dam  response.  It  is  therefore 
concluded  that  15  vibration  modes  should  be  included  in  subsequent  dynamic 
analysis  of  the  dam  for  QUAKE  1  or  QUAKE  2  excitations. 

Figure  7-33  presents  a  plot  of  the  peak  dynamic  compressive  arch  stress 
at  stress  location  4  in  dam  element  9  (due  to  QUAKE  1)  for  selected  numbers  of 
vibration  modes.  Figure  7-34  shows  the  corresponding  plot  for  the  peak 
dynamic  tensile  cantilever  stress  at  stress  location  3  in  dam  element  51  (due 
to  QUAKE  2).  These  two  figures  further  substantiate  the  above  conclusion. 


27 


CHAPTER  8 


STATIC  RESPONSE  OF  ENGLEBRIGHT  DAM 


8.1  Static  Load  Cases. 

The  static  response  of  Englebright  Dam  was  analyzed  for  the  following 
loading  conditions: 

a.  Usual  loading  -  Self  weight  of  the  dam  plus  hydrostatic  pressure  due 
to  gross  pool  elevation  (spillway  crest  elevation)  of  52 7  feet.  The  dam 
response  due  to  usual  loading  was  computed  using  the  program  EACD. 

b.  Unusual  loading  (surcharge  loading)  -  Self  weight  of  the  dam, 
hydrostatic  pressure  due  to  PMF  pool  elevation  of  55 7.7  feet,  tailwater 
pressure  on  the  downstream  Face,  and  aeration  pressure  on  the  downstream  face 
of  the  dam.  The  aeration  pressure  is  due  to  water  flowing  over  the  spillway 
crest  (EL.  527  feet).  This  causes  a  pulling  effect  on  the  downstream  face  of 
the  dam.  The  dam  response  due  to  this  unusual  loading  was  computed  using 
GTSTRUDL . 


The  stresses  induced  by  silt  load  were  evaluated  using  GTSTRUDL.  In  this 
investigation  it  is  assumed  that  the  pressure  exerted  by  saturated  silt  is 
equivalent  to  that  of  a  fluid  weighing  85  pcf.  The  analysis  indicates  that 
the  influence  of  the  sediments  on  the  static  stresses  in  the  dam  is  negligibly 
small.  Thus  the  static  effects  of  silt  load  are  not  included  in  subsequent 
analyses.  Figure  8-1  shows  the  depth  of  silt  against  the  upstream  face  of  the 
dam. 


8.2  Stress  Response  Due  to  Usual  Loading. 

The  stress  response  due  to  usual  loading  is  computed  at  the  dam  nodal 
points  for  the  dam  supported  on  flexible  foundation  rock  and  for  the  dam 
supported  on  rigid  foundation  rock.  Table  8-1  summarizes  the  tensile  stresses 
at  ‘the  most-stressed  locations  of  the  dam  for  both  cases.  It  can  be  seen  from 
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this  table  that  the  effects  of  foundation  flexibility  significantly  reduce  the 
stress  response  of  the  dam.  Considering  foundation-rock  flexibility,  the 
maximum  tensile  stress  is  207  psi  at  node  472  on  the  upstream  face,  15  psi  at 
node  55  on  the  downstream  face,  and  20  psi  at  node  214  on  the  mid-surface  of 
the  dam.  Also,  the  maximum  compressive  stress  is  345  psi  at  node  303  on  the 
upstream  face,  658  psi  at  node  191  on  the  downstream  face,  and  307  psi  at  node 
217  on  the  mid-surface  of  the  dam.  The  maximum  radial  displacement  is  0.37 
inch  at  dam  crest  nodal  point  303  in  the  downstream  direction. 

The  arch  and  cantilever  stresses  on  the  upstream  and  downstream  faces 
along  section  6  and  section  7  (crown  cantilever)  are  shown  in  Figures  8-2  and 
8-3,  respectively.  Principal  stress  vectors  plotted  on  the  upstream  face  are 
shown  in  Figure  8-4,  and  those  on  the  downstream  face  are  shown  in  Figure 
8-5.  As  can  be  seen  from  these  plots,  arch  stresses  are  generally  dominant 
near  the  dam  crest;  whereas  the  cantilever  stresses  are  dominant  near  the 
base.  Figures  8-6  through  8-8  are  stress-contour  plots  presenting  the 
distribution  of  arch,  cantilever,  and  principal  stresses  on  the  upstream  and 
downstream  faces. 

Stresses  are  also  computed  at  Gauss  Quadrature  points  inside  the  3-D 
solid  dam  elements  for  the  dam  supported  on  flexible  foundation  rock.  The 
maximum  tensile  stress  is  20  psi  at  stress  location  2  in  dam  element  24,  and 
the  maximum  compressive  stress  is  411  psi  at  stress  location  6  in  dam  element 
50. 

8.3  Stress  Response  Due  to  Surcharge  Loading. 

The  stress  response  due  to  surcharge  loading  is  computed  at  the  dam  nodal 
points  for  the  dam  supported  on  flexible  foundation  rock.  The  maximum  tensile 
stress  is  586  psi  at  node  479  on  the  upstream  face,  314  psi  at  node  13  on  the 
downstream  face,  and  511  psi  at  node  272  on  the  mid-surface  of  the  dam.  Also, 
the  maximum  compressive  stress  is  219  psi  at  node  460  on  the  upstream  face, 

752  psi  at  node  180  on  the  downstream  face,  and  32.6  psi  at  node  233  on  the 
mid-surface  of  the  dam.  The  maximum  radial  displacement  is  0.914  inch  at  dam 
crest  nodal  point  303  in  the  downstream  direction. 
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Principal  stress  vectors  plotted 
8-9,  and  those  on  the  downstream  face 
through  8-13  are  stress-contour  plots 
cantilever,  and  principal  stresses  on 


on  the  upstream  face  are  shown  in  Figure 
are  shown  in  Figure  8-10.  Figures  8-11 
presenting  the  distribution  of  arch, 
the  upstream  and  downstream  faces. 
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CHAPTER  9 


EARTHQUAKE  RESPONSE  OF  ENGLEBRIGHT  DAM 

9.1  Constant  Hysteretic  Damping  Factor. 

Energy  dissipation  in  the  dam  concrete  is  represented  by  constant 
hysteretic  damping  with  a  damping  factor  n.  A  viscous  damping  ratio  £, 
the  same  for  all  the  natural  vibration  modes  of  the  dam  supported  on  rigid 
foundation  rock  with  no  impounded  water,  corresponds  to  a  constant  hysteretic 
damping  factor  of  n  =  2.£  {7}, 

In  the  initial  dynamic  analyses  of  the  dam,  a  constant  hysteretic  damping 
factor  of  n  =  0.10,  which  corresponds  to  a  5  percent  viscous  damping  ratio 
in  all  natural  vibration  modes  of  the  dam  on  rigid  foundation  rock  with  empty 
reservoir,  was  selected.  Using  this  value  of  n  -  0.10,  very  high  tensile 
stresses  were  computed  in  the  dam  for  QUAKE  1  and  QUAKE  2  excitations,  which 
are  considered  extremely  strong  earthquakes. 

In  view  of  the  high  stress  levels  due  to  strong  earthquake  ground 
motions,  n  =  0.14,  which  corresponds  to  a  viscous  damping  ratio  of  7  percent 
in  all  natural  vibration  modes  of  the  dam  (without  impounded  water)  on  rigid 
foundation  rock,  can  reasonably  be  justified. 

9.2  Have  Reflection  Coefficient. 

The  boundary  (bottom  and  sides)  of  a  reservoir  typically  consists  of 
layers  of  alluvium,  silt,  and  other  sedimentary  materials.  Hydrodynamic 
pressure  waves  impinging  on  such  materials  will  partially  reflect  back  into 
the  water  and  be  partially  absorbed  into  the  underlying  layers  of 
reservoir-boundary  materials. 

The  absorptiveness  of  the  reservoir- boundary  materials  is  characterized 
by  the  wave  reflection  coefficient  <r,  which  is  defined  as  the  ratio  of  the 
amplitude  of  the  reflected  hydrodynamic  pressure  wave  to  the  amplitude  of  a 
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normally  propagating  pressure  wave  incident  on  the  reservoir  boundary,  ft 
rigid  reservoir  boundary  («  =  1.0)  means  that  pressure  waves  are  reflected 
from  the  reservoir  boundary  without  attenuation;  whereas  a  completely 
absorptive  reservoir  boundary  (oc  =  0)  means  that  normally  propagating 
pressure  waves  are  fully  absorbed  into  the  reservoir-boundary  materials 
without  reflection.  The  wave  reflection  coefficient  oc  can  be  determined 
according  to  the  following  equation  {2}: 


oc  = 


1  -  qC 
1  +  qC 


in  which  C  is  the  velocity  of  pressure  waves  in  water,  q  is  the  damping 
coefficient  of  the  reservoir-boundary  materials  and  is  given  by 

P 

q  =  - 

Pr  \jEr/pr 


where  p  is  the  mass  density  of  water,  £,  is  the  Young's  modulus  and  Pr 
is  the  mass  density  of  the  materials  at  the  reservoir  boundary. 

There  are  no  experimental  data  available  for  the  wave  reflection 
coefficient  of  the  materials  present  at  the  bottom  and  sides  of  the  reservoir 
impounded  by  Englebright  Dam.  In  the  absence  of  such  data,  oc  is  varied  over 
a  range  to  facilitate  a  study  of  the  effects  of  wave  absorption  at  t'ne 
reservoir  boundary.  The  oc  values  considered  in  this  investigation  are  oc  = 
1.00,  0.90,  0./5  and  0.50.  It  was  found  that  assumption  of  a  completely 
rigid,  non-absorptive  reservoir  boundary  (oc  =  1.0)  can  lead  to 
unrealistically  large  earthquake  response  for  dams  with  impounded  water 
(3}.  An  absorptive  reservoir  boundary  that  models  the  alluvium  and 
sediments  should  give  a  more  realistic  estimate  of  the  earthquake  response  of 
concrete  arch  dams.  Professor  Anil  K,  Chopra  has  recommended  oc  =  0.90  or 
0.75  with  the  larger  value  suggested  for  conservatism. 
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9.3  Hydrodynamic  Effects. 


Hydrodynamic  pressures  in  the  reservoir  in  excess  of  the  usual  hydro¬ 
static  pressures  are  developed  due  to  earthquake  ground  motions  and  the 
deformations  of  the  upstream  face  of  the  dam.  The  structural  deformations  are 
in  turn  affected  by  the  hydrodynamic  pressures  acting  on  the  dam.  The 
hydrodynamic  effects  should  be  properly  represented  to  recognize  the  dynamic 
interaction  between  the  dam  and  the  water. 

Westergaard ' s  classic  work  {8}  on  analysis  of  hydrodynamic  pressures 
due  to  ground  motion  has  some  significant  limitations.  His  solution  is  based 
on  a  straight  rigid  dam  with  vertical  upstream  face.  Application  of 
Westergaard ' s  approach  (in  the  form  of  added-mass  formulation)  to  dynamic 
analysis  of  arch  dam  is  therefore  questionable  due  to  the  curvatures  of  the 
upstream  face  and  flexibility  of  the  dam. 

One  distinguishing  feature  of  EACD's  analysis  procedure  is  the  efficient 
formulations  and  computational  procedures  developed  for  evaluation  of 
dam- water  interaction  during  an  earthquake.  In  this  analysis  procedure,  the 
response  of  the  dam  with  impounded  water  is  affected  by  the  hydrodynamic  terms 
in  the  equations  of  motion  for  the  dam.  The  hydrodynamic  terms,  which  are 
determined  from  analysis  of  the  reservoir  finite  element  model,  can  be 
interpreted  as  modifying  the  properties  of  the  dam  by  introducing  an  added 
mass,  an  added  or  subtracted  hydrodynamic  force,  and  an  added  damping 
{3}.  Considering  water  compressibility,  these  hydrodynamic  terms  are 
functions  of  the  excitation  frequency.  Note  that  analyses  which  neglect  water 
compressibility  generally  lead  to  considerable  error. 

9.4  Fourier  Transform  Parameters. 

The  earthquake  response  of  the  dam  is  obtained  by  Fourier  synthesis  of 
the  complex -valued  frequency  response  functions  using  the  Fast  Fourier 
Transform  (FFT)  algorithm.  To  ensure  that  EACD  computes  accurate  dynamic 
response,  the  Fourier  Transform  parameters  must  be  properly  selected.  The 
parameters  used  in  the  FFT  computations  are  as  follows: 
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T  =  period  of  computation  =  30,72  sec. 

N  -  number  of  discrete  time  instants  in  computation  period  =  T/At ,  in 
which  At  =  0.02  sec.  is  the  time  increment  at  which  earthquake  ground 
motions  are  defined.  Hence,  N  =  30.72/0,02  =  1,536. 

FMAX  =  maximum  frequency  represented  =  N/2T  =  25.0  Hz. 

The  criteria  that  govern  the  selection  of  N  (thus  T)  are  discussed  in 
reference  {9}. 


9.5  Cases  of  Dynamic  Analysis. 


Since  there  are  no  field-test  data  for  the  wave  absorption  coefficient 
«  (recall  that  oc  depends  upon  the  properties  of  the  reservoir-boundary 
materials),  the  parameter  is  varied  over  a  range  in  the  present  study  to 
elucidate  the  effects  of  reservoir  boundary  absorption  on  the  response  of  the 
dam.  As  mentioned  in  Section  9.2,  the  «  values  considered,  in  order  of 
increasing  absorptiveness,  are  oc  =  1.0  (rigid  reservoir  boundary),  0.90, 

0.75,  and  0.50.  The  earthquake  response  of  the  dam  was  analyzed  for  16  cases, 
with  different  combinations  of  x  and  n,  for  the  two  earthquakes:  QUAKE  1 
and  QUAKE  2.  These  cases  are  defined  as  shown  in  Table  9-1. 

9.6  Response  Results. 


Because  of  the  immense  volume  of  response  results  generated  from  time- 
history  earthquake  analysis  for  the  above-defined  16  cases,  only  a  small 
portion  of  the  results  are  presented  in  this  report  to  highlight  the  important 
information  that  could  aid  the  seismic  evaluation  of  the  dam.  Unless  stated 
otherwise,  the  stresses  presented  in  this  chapter  are  total  stresses  (initial 
static  stresses  due  to  dead  weight  of  the  dam  and  hydrostatic  pressure  are 
included),  and  are  calculated  for  the  following  conditions:  (1)  the  dam  is 
subjected  to  simultaneous  excitation  of  upstream,  vertical,  and  cross-stream 
components  of  ground  motion;  and  (2)  the  dam  is  supported  on  flexible 
foundation  rock  with  full  reservoir  (gross  pool  elevation). 


34 


The  maximum  tensile  stresses  (arch,  cantilever,  and  principal  stresses) 
and  the  correspond ing  stress  locations  and  times  of  occurrence  are  summarized 
in  Table  9-2  for  the  dam  subjected  to  QUAKE  1  (Cases  1  to  8),  and  in  Table  9-3 
for  the  dam  subjected  to  QUAKE  2  (Cases  9  to  16).  Maximum  compressive 
stresses  due  to  QUAKE  1  and  QUAKE  2  are  summarized  in  a  similar  manner  in 
Tables  9-4  and  9-5.  Five  significant  tensile  stresses  (in  descending  order) 
and  the  corresponding  locations  and  times  of  occurrence  for  each  of  the  cases 
are  presented  in  Tables  E-l  through  E-4  in  Appendix  E.  Plots  of  maximum 
tensile  stresses  (arch  and  cantilever  stresses)  versus  the  wave  reflection 
coefficient  for  n  -  0.10  and  n  =0,14  are  presented  in  Figures  9-5  through 
9-8.  Note  from  these  figures  that  the  response  of  the  dam  generally  decreases 
with  increasing  wave  absorption  (<r  decreases  from  1.0  to  0.5).  This 
observation,  which  is  consistent  with  intuition,  results  from  the  fact  that 
reservoir  boundary  absorption  reduces  the  added  hydrodynamic  force  and 
introduces  an  added  damping.  As  the  reservoir  boundary  becomes  more 
absorptive,  i.e.,  as  a.  decreases,  the  added  damping  at  the  fundamental 
resonant  period  generally  increases  because  of  increasing  refraction  of 
hydrodynamic  pressure  waves  into  the  reservoir-boundary  materials,  and 
propagation  of  the  pressure  waves  in  the  upstream  direction  {3}.  However, 
it  can  be  seen  from  Figures  9-7  and  9-8  that  stress  response  in  some  cases 
increases  as  a  decreases  from  1,0  to  0.9,  contrary  to  intuition.  This 
"abnormal"  behavior  will  be  discussed  in  the  following  paragraphs,  wherein  the 
displacement  and  stress  responses  due  to  the  three  ground  motion  components  of 
QUAKE  2  acting  separately  and  simultaneously  are  examined. 

The  peak  radial  displacement  at  a  selected  dam  crest  nodal  point  and  the 
maximum  tensile  values  of  arch  and  cantilever  stresses  (computed  at  Gauss 
Quadrature  points),  due  to  the  three  components  of  QUAKE  2  acting  separately 
and  simultaneously,  are  compiled  in  Table  9-6,  Figures  9-9,  9-10,  and  9-11 
show  the  time  history  of  radial  displacement  at  nodal  point  300  for  oc  =1.0, 
0.90,  and  0.75,  respectively,  with  n  =  0.10.  Note  that  the  displacement  and 
stress  responses  mentioned  here  are  purely  dynamic  responses,  with  the  static 
effects  excluded,  It  is  apparent  from  Table  9-6  (for  QUAKE  2)  that  with 
increasing  absorptiveness  of  the  reservoir-boundary  materials,  the  response  of. 
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the  dam  to  upstream  or  vertical  ground  motions  is  reduced,  as  expected.  For 
example,  as  cc  decreases  from  1.0  to  0,9,  the  peak  radial  displacement  due  to 
the  upstream  ground  motion  decreases  from  1.29  inch  to  1.26  inch;  the  maximum 
arch  stress  decreases  from  1,774  psi  to  1,692  psi;  and  the  maximum  cantilever 
stress  decreases  from  823  psi  to  774  psi  (see  Table  9-6a). 

However,  in  some  cases  the  response  of  the  dam  to  cross-stream  ground 
motion  increases,  contrary  to  intuition,  with  increasing  wave  absorption.  As 
«  decreases  from  1.0  to  0.9,  the  peak  radial  displacement  increases  from 
0.59  inch  to  0.61  inch;  the  maximum  arch  stress  increases  from  289  psi  to  308 
psi;  and  the  maximum  cantilever  stress  increases  slightly  from  287  psi  to  288 
psi  (see  Table  9~6c).  This  abnormality,  mentioned  earlier  in  this  section  in 
terms  of  the  total  stress  response  due  to  the  three  components  of  QUAKE  2 
acting  simultaneously,  was  recognized  in  Or.  Fok's  research  investigation. 

The  unexpected  increase  in  response  is  attributed  mainly  to  the  increase  in 
the  fundamental  resonant  response  to  cross-stream  ground  motion  because  of 
reservoir  boundary  absorption  {3}. 

Comparing  the  displacement  histories  of  Figures  9-9  through  9-11,  it  is 
of  interest  to  note  that  the  main  effect  of  reservoir  boundary  absorption  is 
to  reduce  the  displacement  peaks  without  significantly  altering  the  frequency 
content  of  the  response.  Moreover,  these  figures  serve  to  illustrate  the 
significance  of  the  three  ground  motion  components  in  the  total  dynamic 
response  of  the  dam,  and  to  provide  an  indication  of  the  phase  differences 
between  the  responses  to  the  individual  components.  It  is  evident  that  the 
contribution  of  the  response  to  vertical  or  cross-stream  ground  motion  is 
generally  smaller  than  that  due  to  upstream  grourtd  motion.  Furthermore,  the 
phase  differences  between  the  responses  to  the  three  components  of  ground 
motion  are  large  enough  to  have  a  cancelling  effect;  i.e.,  the  peak  responses 
are  not  directly  additive.  The  implication  is  that  the  peak  response  due  to 
the  three  components  acting  simultaneously  can  be  smaller  than  that  due  to 
upstream  ground  motion  alone. 


36 


Tables  9-4  and  9-5  show  that  the  maximum  compressive  stresses,  even  in 
the  case  where  the  reservoir  boundary  is  conservatively  assumed  as  rigid 
(cc  =  1,0),  are  well  within  the  compressive  strength  of  the  dam  concrete. 

Also,  as  mentioned  in  the  preceding  sections,  use  of  n  =  0.14  and  a  range  of 
oc  values  from  0,75  to  0.90  can  rationally  be  justified  in  assessing  the 
seismic  performance  of  Englebright  Dam.  Therefore,  attention  will  now  be 
focused  only  on  tensile  stresses  calculated  with  (1)  n  =0.14,  «  =  0.90; 
and  (2)  ri  =  0.14,  «  =  0.75  for  the  dam  subjected  to  QUAKE  1  and  QUAKE  2 
(see  Cases  6,  7,  14,  15  in  Table  9-1).  The  peak  tensile  values* of  arch, 
cantilever,  and  principal  stresses  on  the  upstream  and  downstream  faces  along 
sections  6,  7,  and  8  (central  portion  of  the  dam)  are  shown  in  Figures  E-22 
through  E-27  in  Appendix  E.  Similarly,  the  peak  values  of  the  same  stress 
quantities  on  the  mid-surface  of  the  dam  along  sections  6,  7,  and  8  are 
displayed  in  Figures  E-28  through  E-33.  Peak  (or  envelope )t  value  here  refers 
to  the  maximum  value  over  time.  Plots  of  the  envelope  tensile  values  of  the 
major  principal  stresses  and  the  corresponding  minor  principal  stresses  on  the 
upstream  and  downstream  faces  are  presented  in  Figures  9-12  through  9-19. 

Stress  contour  plots  are  used  to  display  the  distributions  of  arch, 
cantilever,  and  principal  stresses  on  the  upstream  and  downstream  faces  of  the 
dam.  Contour  plots  of  the  envelope  values  of  those  stresses  are  shown  in 
Figures  9-20  through  9-31.  In  addition,  plots  of  the  instantaneous  values  of 
the  stresses  at  critical  time  instants  are  presented  in  Figures  9-32  through 
9-51.  The  instantaneous  stress  contour  plot  can  be  thought  of  as  a  "stress 
picture"  (snapshot)  which  changes  with  time  in  the  course  of  earthquake 
shaking . 


In  same  cases  where  the  total  stress  time-history  lies  entirely  in  the  compression 
domain  (see  Figure  E  -  2 1  in  Appendix  E),  the  more  positive  value  of  the  two  peak 
compressive  stresses  (negative  stresses)  associated  with  that  time  history  is  plotted. 
Tensile  stress  is  understood  to  be  positive,  and  compressive  stress  to  be  negative 
throughout  this  report. 

The  words  "peak”  and  "envelope"  are  used  interchangeably  in  this  report. 


37 


9,7  Areas  of  High  Tensile  Stresses. 

With  the  aid  of  Figures  E-22  through  E-33  (Appendix  E)  and  Figures  9-12 
through  9-31  mentioned  in  the  preceding  section,  regions  of  the  dam  where 
critical  tensile  stresses  occur  are  identified.  This  identification  will 
serve  as  a  basis  for  evaluating  the  seismic  safety  of  the  dam  subjected  to  the 
intense  earthquake  ground  motions,  namely,  QUAKE  1  and  QUAKE  2.  Summarized  in 
Table  9-7  are  the  maximum  tensile  stresses  on  the  mid-face,  upstream  and 
downstream  faces  of  the  dam.  Presented  in  Figures  9-52  through  9-93  are  time 
histories  of  the  major  principal  stress  at  the  most-stressed  locations.  Time 
histories  of  arch  and  cantilever  stresses  at  selected  locations  are  displayed 
in  Figures  E-l  through  E-20  in  Appendix  E.  In  general,  QUAKE  2  causes  larger 
peak  stresses  in  the  dam  than  does  QUAKE  1;  nevertheless,  the  stress 
distribution  pattern  developed  in  the  dam  due  to  QUAKE  1  is  similar  to  that 
due  to  QUAKE  2,  as  is  apparent  from  comparison  of  the  principal  stress  plots. 
The  areas  of  significant  tensile  stresses  are  discussed  in  the  following 
paragraphs . 

a.  Upstream  Face. 

The  highly  stressed  regions  on  the  upstream  face  are  the  lower  and 
upper  parts  in  the  vicinity  of  the  crown  cantilever.  For  example,  the  peak 
tensile  stress  due  to  QUAKE  1  ranges*  from  1,128  psi  to  1,295  psi  at  node  472; 
from  1,060  psi  to  1,149  psi  at  node  481;  from  1,087  psi  to  1,104  psi  at  node 
303;  and  from  1,032  psi  to  1,035  psi  at  node  304  (see  Figures  9-52  through 
9-55).  The  peak  tensile  stress  due  to  QUAKE  2  ranges  from  1,564  psi  to  1,682 
psi  at  node  472;  from  1,503  psi  to  1,650  psi  at  node  481;  from  1,638  psi  to 
1,791  psi  at  node  303;  and  from  1,629  psi  to  1,774  psi  at  node  304  (see 
Figures  9-73  through  9-76).  Figures  9-94  through  9-97  show  the  time  histories 
of  the  radial,  vertical,  and  tangential  dynamic  displacements  at  dam  crest 
nodal  point  303. 


*  The  range  of  computed  stresses  corresponds  to  two  values  of  the  wave  absorption 
coefficient:  a  =0.75  and  0.90. 
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b.  Downstream  Face, 


The  most- stressed  areas  on  the  downstream  face  are  the  upper  central 
portion,  and  the  regions  in  the  neighborhood  of  sections  6  and  9  away  from 
the  crown  cantilever.  For  instance,  the  peak  tensile  stress  due  to  QUAKE  l 
ranges  from  722  psi  to  762  psi  at  node  22;  from  786  psi  to  846  psi  at  node 
149;  and  from  686  psi  to  694  psi  at  node  114  (see  Figures  9-56  through  9-58). 
The  peak  tensile  stress  due  to  QUAKE  2  ranges  from  951  psi  to  1,050  psi  at 
node  22;  from  1,278  psi  to  1,397  psi  at  node  149;  and  from  1,053  psi  to  1,151 
psi  at  node  114  (see  Figures  9-77  through  9-79). 

c.  Mid-Surface. 


Significant  tensile  stresses  are  confined  to  the  upper  central  areas 
of  the  mid-surface  inside  the  dam  near  the  crown  cantilever  (see  Figures  E--28 
through  E-33  in  Appendix  E).  For  example,  the  peak  tensile  stress  due  to 
QUAKE  1  ranges  from  867  psi  to  869  psi  at  node  217;  from  784  psi  to  821  psi 
at  node  21.8;  from  637  psi  to  667  psi  at  node  227;  and  from  591  psi  to  623  psi 

at  node  228  (see  Figures  9-59  through  9-62).  The  peak  tensile  stress  due  to 

QUAKE  2  ranges  from  1,283  psi  to  1,404  psi  at  node  217;  from  1,154  psi  to 
1,256  psi  at  node  218;  from  917  psi  to  1,007  psi  at  node  227;  and  from  8/6 

psi  to  958  psi  at  node  228  (see  Figures  9-80  through  9-83). 

d .  Gauss  Quadrature  Points. 

The  analysis  indicates  relatively  large  tensile  stresses  in  the 
upper  central  part  of  the  dam,  at  Gauss  Quadrature  points  inside  such 
dam-crest  elements  as  elements  8,  9,  and  10  (see  Figure  9-1,  Tables  E-l  and 
E-3  in  Appendix  E).  For  example,  the  peak  tensile  stress  due  to  QUAKE  1 
ranges  from  917  psi  to  919  psi  at  stress  location  4  in  element  9;  from  872 

psi  to  907  psi  at  stress  location  1  in  element  9;  from  868  psi  to  880  psi  at 

stress  location  1  in  element  8;  from  746  psi  to  803  psi  at  stress  location  4 

in  element  8;  and  from  727  psi  to  774  psi  at  stress  location  4  in  element  10 

(see  Figures  9-63  through  9-67).  The  peak  tensile  stress  due  to  QUAKE  2 
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ranges  from  1,415  psi  to  1,546  psi  at  stress  location  4  in  element  9;  from 
1,351  psi  to  1,472  psi  at  stress  location  1  in  element  9;  from  1,265  psi  to 
1,388  psi  at  stress  location  1  in  element  8;  from  1,047  psi  to  1,154  psi  at 
stress  location  4  in  element  8;  and  from  1,040  psi  to  1,129  psi  at  stress 
location  4  in  element  10  (see  Figures  9-84  through  9-88). 

It  is  worth  noting  that  the  stresses  in  the  lower  parts  are  less 
significant  as  compared  to  those  in  the  upper  central  part.  For  instance, 
the  peak  tensile  stress  due  to  QUAKE  1  ranges  from  540  psi  to  593  psi  at 
stress  location  2  in  element  56;  from  512  psi  to  593  psi  at  stress  location  3 
in  element  56;  from  482  psi  to  526  psi  at  stress  location  2  in  element. 52; 
from  459  psi  to  548  psi  at  stress  location  3  in  element  51;  and  from  489  psi 
to  583  psi  at  stress  location  2  in  element  55  (see  Figures  9-68  through 
9-72).  The  peak  tensile  stress  due  to  QUAKE  2  ranges  from  782  psi  to  867  psi 
at  stress  location  2  in  element  56;  from  733  psi  to  813  psi  at  stress 
location  3  in  element  56;  from  708  psi  to  792  psi  at  stress  location  2  in 
element  52;  from  701  psi  to  764  psi  at  stress  location  3  in  element  51;  and 
from  681  psi  to  742  psi  at  stress  location  2  in  element  55  (see  Figures  9-89 
through  9-93). 


9.8  Maximum  Repeatable  Stress  Level. 

It  is  becoming  more  generally  recognized  that  damage  to  a  concrete  dam 
is  not  predominantly  controlled  by  the  transitory  peak  stress  response. 
Tensile  stresses  which  are  repeated  several  times  during  an  earthquake  can  be 
more  damaging  than  a  single  large  peak  stress.  In  this  study  a  maximum 
repeatable  stress  level  is  defined  as  the  maximum  stress  value  which  is 
exceeded  by  six  short  duration  excursions  during  the  ground  shaking  (the 
number  of  repetitions  being  an  arbitrary  number  that  has  been  used  in  other 
investigations).  Attempts  have  been  made  to  identify  this  stress  level  for 
arch  and  cantilever  tensile  stresses  at  highly  stressed  locations  on  the 
faces  of  the  dam.  The  results  are  compiled  in  Table  9-8. 
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CHAPTER  10 


EVALUATION  OF  DAM  SAFETY 


10.1  Apparent  Tensile  Strength. 

In  this  study,  the  stress  response  is  based  on  a  linearly  elastic 
analysis  performed  on  the  dam  concrete  that  actually  behaves  nonlinearly.  In 
judging  the  safety  of  the  dam,  it  is  appropriate  to  compare  the  computed 
tensile  stresses  with  the  "apparent  tensile  strength"  of  the  concrete  {10, 

11}.  The  apparent  tensile  strength  is  equal  to  the  splitting  tensile 
strength  augmented  by  a  factor  of  1.3  to  take  into  account  the  nonlinearity  of 
concrete.  Applying  the  1.3  factor  to  the  actual  tensile  strength  values  of 
466  psi  and  624  psi  (see  Section  4.1),  the  apparent  static  tensile  strength  is 
approximately  equal  to  600  psi  and  the  apparent  seismic  tensile  strength  is 
equal  to  800  psi. 

10.2  Static  Performance. 

Based  on  the  static  response  analysis  of  Englebright  Dam  for  the  usual 
loading  condition  (full  pool  condition),  the  maximum  tensile  and  compressive 
stresses  are  well  below  the  strength  capacity  of  the  dam  concrete.  As  was 
noted  in  Section  8.2,  the  largest  tensile  stress  is  207  psi  on  the  upstream 
face,  which  is  about  35  percent  of  the  apparent  static  tensile  strength  (600 
psi)  of  the  concrete.  The  largest  compressive  stress  is  658  psi  on  the 
downstream  face,  which  is  10  percent  of  the  static  compressive  strength  (6,530 
psi).  It  is  therefore  concluded  that  the  dam  is  structurally  capable  of 
withstanding  the  usual  loading  condition. 

For  the  case  of  unusual  loading  (surcharge  loading  corresponding  to  PMF 
pool  elevation  557.7  feet),  the  largest  tensile  stress  is  586  psi  on  the 
upstream  face,  which  falls  just  within  the  apparent  static  tensile  strength 
(600  psi)  of  the  concrete.  This  high  tensile  stress  is  very  localized 
according  to  the  GTSTRUDL  analysis.  The  largest  compressive  stress  is  752  psi 
on  the  downstream  face,  which  is  about  12  percent  of  the  static  compressive 


Strength  (6,530  ps i ) .  It  is  therefore  concluded  that  the  dam  is  structurally 
capable  of  withstanding  the  unusual  loading  condition. 

10.3  Criteria  for  Seisfoic  Performance. 

The  actual  performance  of  concrete  arch  dams  during  past  earthquakes  is 
knoWn  to  be  generally  satisfactory.  For  example,  the  Pacoima  Dam  which  was 
subject  to  very  intense  ground  motions  during  the  1971  San  Fernando  earthquake 
only  suffered  the  opening  of  a  joint  between  the  arch  and  the  left  thrust 
block,  With  ho  other  apparent  damage  to  the  arch  structure  itself.  This 
historical  event  provides  some  evidence  in  support  of  the  generally  accepted 
notion  that  concrete  arch  dams  have  good  endurance  in  relation  to  strong 
seismic  action. 

Currently,  no  standard  criteria  are  available  for  evaluating  the  seismic 
safety  of  arch  dams  on  the  basis  of  dynamic  finite  element  analysis. 
Traditional  criteria  setting  forth  factors  of  safety  (based  on  concrete 
strengths)  should  not  be  used  because  they  do  not  provide  a  basis  for 
assessing  the  overall  safety  of  an  arch  dam.  The  damage  that  concrete  dams 
may  experience  due  to  intense  earthquake  ground  shaking  is  primarily  in  the 
form  of  cracking  in  areas  subjected  to  large  tensile  stresses.  Ideally,  the 
prevalent  level  of  computed  tensile  stress  from  linearly  elastic  analyses 
should  be  no  greater  than  the  apparent  tensile  strength  of  the  dam  concrete. 
However,  it  is  usually  acceptable  to  allow  tensile  stresses  exceeding  the 
apparent  tensile  strength  of  the  concrete  at  a  limited  number  of  locations, 
for  brief  instants  of  time,  for  earthquakes  having  remote  probabilities  of 
occurrence.  Computed  compressive  stresses,  on  the  other  hand,  should  not  be 
allowed  to  exceed  the  compressive  strength,  A  dam  may  undergo  some  cracking 
as  a  result  of  large  tensile  stresses  induced  by  an  earthquake.  However,  this 
does  not  imply  that  the  dam  is  unsafe,  If  cracking  should  occur,  structural 
failure  or  instability  would  not  necessarily  develop  either  during  or  after 
the  seismic  event.  In  evaluating  the  seismic  safety  of  the  dam,  the  most 
crucial  factors  that  need  to  be  considered  are:  (1)  the  potential  for  tensile 
cracking  through  the  entire  thickness  of  the  dam  during  the  earthquake,  and 
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(2)  the  dam's  capability  of  resisting  the  static  loads  (self  weight  of  the  dam 
plus  water  pressure)  which  remain  after  the  earthquake  has  ended. 

10.4  Evaluation  of  Seismic  Safety. 

As  mentioned  earlier  in  Section  9.6,  the  maximum  compressive  stresses 
caused  by  QUAKE  1  and  QUAKE  2  (see  Tables  9-4  and  9-5)  are  well  within  the 
measured  dynamic  compressive  strength  of  the  dam  concrete  (6,664  psi),  thus 
precluding  compressive  failure.  Attention  will  now  be  directed  to  the  large 
tensile  arch  stresses  and  cantilever  stresses  indicated  in  the  earthquake 
response  analysis.  Based  on  the  apparent  seismic  tensile  strength  of  800  psi 
and  the  stress  results  presented  in  Chapter  9,  the  extent  and  distribution  of 
likely  cracking  can  be  predicted. 

The  envelope  values  of  tensile  arch  stresses  computed  for  QUAKE  1  and 
QUAKE  2  excitations  are  displayed  in  the  form  of  contour  plots  in  Figures 
9-20,  9-21,  9-26,  and  9-27.  With  n  =  0.14  and  «  =  0.90,  the  largest 
tensile  arch  stress  produced  by  QUAKE  1  is  1,104  psi  and  that  produced  by 
QUAKE  2  is  1,790  psi,  significantly  in  excess  of  the  apparent  seismic  tensile 
strength  (see  Tables  9-2  and  9-3).  The  maximum  repeatable  arch  stress  level 
that  is  exceeded  six  times  during  an  earthquake  is  891  psi  for  QUAKE  1,  and 
851  psi  for  QUAKE  2  (see  Table  9-8).  These  relatively  high  tensile  stresses 
could  not  be  realized  in  the  actual  dam  because  the  horizontal  tensile  arch 
stresses  would  be  effectively  dissipated  by  the  opening  of  the  vertical 
contraction  joints.  An  opened  joint  would  quickly  be  closed  again  because  the 
stresses  in  the  dam  subjected  to  earthquake  vibration  are  oscillatory  in 
nature  and  reverse  direction  many  times.  Joint  opening,  followed  by  immediate 
closing  during  the  ground  shaking,  would  have  no  adverse  effect  on  the 
structural  integrity  of  the  dam  but  would  reduce  the  tendency  of  concrete 
cracking.  Furthermore,  this  cycling  mechanism  (opening  and  closing)  of  the 
joints  would  promote  dissipation  of  the  stored  dynamic  energy  and  hence  reduce 
the  dynamic  response  of  the  dam.  In  view  of  the  above-mentioned  effects 
associated  with  the  vertical  contraction  joints,  the  large  tensile  stresses 
acting  in  the  arch  direction  are  not  considered  to  be  of  any  serious 
consequence , 


The  envelope  values  of  tensile  cantilever  stresses  computed  for  QUAKE  1 
and  QUAKE  2  excitations  are  presented  as  contour  plots  in  Figures  9-22,  9-23, 
9-28,  and  9-29.  Based  on  the  analysis  with  n  =0.14  and  oc  =  0.90,  the 
largest  tensile  cantilever  stress  induced  by  QUAKE  1  is  1,222  psi  on  the 
upstream  face,  and  that  induced  by  QUAKE  2  is  1,650  psi  on  the  upstream  face 
(see  Tables  9-2  and  9-3).  The  maximum  repeatable  cantilever  stress  level  on 
this  face  is  949  psi  for  QUAKE  1,  and  813  psi  for  QUAKE  2  (see  Table  9-8).  It 
can  be  seen  by  comparison  of  Figures  9-22  with  9-23  and  9-28  with  9-29  that 
the  cantilever  stresses  developed  on  the  upstream  face  are  much  larger  than 
those  on  the  downstream  face.  The  computed  surface  stresses  acting  in  the 
cantilever  direction  are  so  severe  that  cracking  of  concrete  would  undoubtedly 
occur  under  earthquake  conditions.  Cracking  is  confined  to  areas  over  the 
upstream  and  downstream  faces  where  sufficiently  high  tensile  cantilever 
stresses  are  developed  once  or  possibly  a  few  times  during  the  intense  ground 
motion.  Based  on  comparison  of  the  envelope  values  of  tensile  cantilever 
stresses  with  the  800  psi  apparent  tensile  strength  capacity,  the  areas  where 
cracking  can  possibly  occur  are  identified  and  indicated  in  Figures  9-22, 

9-28,  and  9-29. 

Instantaneous  cantilever  stress  distributions  at  critical  time  instants 
shown  in  Figures  9-44  through  9-51  provide  a  more  complete  understanding  of 
the  cantilever-stress  situation  developed  in  the  dam.  It  is  obvious  from 
these  figures  that  tensile  stresses  at  locations  on  one  face  of  the  dam  is 
accompanied  by  compressive  stresses  at  the  corresponding  locations  on  the 
other  face  at  a  certain  time  instant,  For  example,  the  earthquake  response 
analysis  indicates  that  at  time  t  =  3.12  seconds,  a  tensile  stress  of  1,424 
psi  due  to  QUAKE  2  develops  at  the  upstream  base  (node  486)  of  the  crown 
cantilever  while  a  compressive  stress  of  1,409  psi  is  indicated  at  the 
downstream  base  (node  205).  At  a  later  time  t  =  4.66  seconds,  a  compressive 
stress  of  1,377  psi  develops  at  the  upstream  base,  and  a  tensile  stress  of  605 
psi  at  the  downstream  base.  This  example  serves  to  demonstrate  that  the 
section  undergoes  flexural  behavior,  and  most  importantly,  that  tensile 
stresses  do  not  develop  concurrently  through  the  entire  thickness.  Thus 
cracking  would  essentially  be  a  surface  phenomenon  with  possibly  small  depth 
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of  penentration  inside  the  dam,  but  would  not  extend  through  the  entire 
thickness.  The  compressive  static  stresses  due  to  dead  weight  of  the  dam  and 
hydrostatic  pressure,  which  act  during  and  after  the  ground  shaking,  will 
provide  significant  confining  forces  to  close  some  earthquake-induced  cracks 
after  the  shaking  stops.  These  cracks  are  not  regarded  as  potentially 
damaging  and  will  not  impair  the  ability  of  the  dam  to  contain  the  impounded 
water. 

The  large  inertia  forces  and  stresses  developed  in  the  dam  might  suggest 
some  cause  for  concern  for  structural  stability.  These  large  forces  and 
stresses  only  act  for  very  short  durations  of  time  and  reverse  in  direction 
many  times  during  the  earthquake,  as  would  be  expected  from  the  oscillatory 
nature  of  the  dam  response.  On  this  basis,  it  is  expected  that  structural 
instability  would  not  occur,  and  that  the  structure  would  be  structurally 
capable  of  resisting  the  static  loads  after  the  earthquake. 

It  should  be  emphasized  that  the  analysis  in  this  study  is  based  on  a 
linearly  elastic  model  wherein  cracking  and  subsequent  non-linear  behavior  are 
not  considered.  The  dynamic  response  of  a  dam  is  known  to  be  influenced 
significantly  by  cracking.  Recognizing  the  reduction  in  stiffness  of  the  dam 
due  to  cracking  and  the  increased  energy  dissipation  in  cracking,  it  is 
evident  that  the  nonlinearities  associated  with  the  cracks  will  reduce  the 
extent  and  severity  of  the  highly  stressed  regions  below  that  revealed  by  the 
linearly  elastic,  analysis.  In  other  words,  the  cracking  induced  by  QUAKE.  1  or 
QUAKE  2  will  be  less  extensive  than  the  probable  cracking  zones  shown  in 
Figures  9-22,  9-28,  and  9-29,  which  are  predicted  from  the  results  of  linear 
analysis . 

Further  conservatism  in  the  computed  stresses  is  introduced  by  the 
assumption  that  the  cross-stream  component  of  earthquake  ground  motion  has  the 
same  intensity  of  the  upstream  ground  motion  accelerogram  (see  Appendix  C). 

In  conclusion,  the  dam  is  capable  of  surviving  QUAKE  1  and  QUAKE  2  in 
such  a  way  that  no  failure  triggering  a  sudden,  catastrophic  release  of  water 
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will  occur,  and  that  life  and  property  downstream  will  not  be  endangered.  If 
the  postulated  M.C.E.  events  (QUAKE  1  and  QUAKE  2)  were  to  occur  during  a  high 
pool  condition,  some  surface  cracking  would  occur,  but  the  extent  of  cracking 
will  be  less  widespread  than  that  predicted  by  the  linearly  elastic  analysis. 
This  is  acceptable  performance  for  the  Maximum  Credible  Earthquake  considered 
in  this  investigation,  which,  as  stressed  by  Dr.  Bolt,  "...  is  very  unlikely 
within  the  lifetime  of  the  dam  and  its  adoption  would  provide  an  upper  bound 
to  feasible  ground  motions  for  engineering  analysis." 


10.5  Concluding  Remarks. 


Seismic  evaluations  of  concrete  dams  to  date  are  largely  based  on 
linearly  elastic  analysis.  In  view  of  the  fact  that  extreme  earthquakes  can 
create  stresses  outside  the  elastic  range  of  deformation,  it  seems  desirable 
to  develop  nonlinear  analysis  procedure  which  takes  into  consideration  the 
nonlinear  material  properties  of  concrete.  This  points  to  the  need  for  a 
comprehensive  experimental  research  program  to  better  determine  the 
constitutive  and  strength  properties  of  multi-axially  loaded  mass  concrete 
under  dynamic,  reversible,  cyclic  strains  and  stresses  representative  of 
earthquake  vibration  conditions.  It  is  only  after  these  mechanical  properties 
of  concrete  are  better  determined  and  incorporated  into  a  reliable  nonlinear 
analysis  procedure  that  the  extent  of  cracking  and  its  implications  to  the 
safety  of  a  dam  con  be  determined  with  high  degree  of  confidence. 
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TABLE  1-1 


ENGLEBRIGHT  DAM 


General 


Stream 

Drainage  area  above  dam 

Dam 

Type 

Maximum  height 
Elevation,  top  of  dam 
Elevation,  outlet  tunnel 
Total  crest  length 
Diameter  of  outlet  tunnel 

Reservoir 

Gross  Pool: 

Elevation  (USGS  datum) 
Water  storage  capacity 
Debris  storage  capacity 
Surface  area 
Shoreline 
Length 

Minimum  Operational  Pool: 

Elevation 

Capacity 

Surface  area 

Length 


Yuba  River 
1,100  square  miles 


Concrete  arch,  overflow 
260  feet 
542  feet 
438  feet 
1,142  feet 
9  feet 


526.99  feet 
70,000  acre-feet 
118,000  cubic  yards 
815  acres 
24  miles 
9  miles 

450  feet 

25,000  acre- feet 
387  acres 
5  miles 


•4-9 


TABLE  1-2 


YUBA  RIVER  AT  ENGLEBRIGHT  DAM 

DATE  OF  MAJOR  FLOOD  PEAK  FLOW,  cfs 


Nov 

1950 

109,000 

Dec 

1955* 

148,000 

Oct 

1962 

91,700 

Feb 

1963* 

150,000 

Dec 

1964* 

171,000 

Jan 

1970 

93,500 

Jan 

1980 

45,000 

Feb 

1986 

99,200 

^Capacity  of  the  central  overflow  section 
of  spillway  was  exceeded,  based  on  spillway 
capacity  curves. 


TABLE  1-3 

PROBABLE  MAXIMUM  FLOOD 


FLOW  IN  cfs  NUMBER  OF  HOURS 

EXCEEDING  FLOW 


200,000 

300,000 

400,000 


41 

25 

4 


50 


51 


IL8ND  MODEL:  I  -  LAYER  -  8  -  NODE  SOLID  FINITE  ELEMENT  DAM  MODEL 

I L20ND  MODEL:  I  -  LAYER  -  20  -  NODE  SOLID  FINITE  ELEMENT  DAM  MODEL 

2L20ND  MODEL:  2  -  LAYER  -  20  -  NODE  SOLID  FINITE  ELEMENT  DAM  MODEL 

8NTSD  MODEL:  8  -  NODE  THICK  SHELL  FINITE  ELEMENT  DAM  MODEL 


TABLE  6-2:  FEATURES  OF  THE  FOUR  FINITE  ELEMENT  DAM  MODELS 


lu  “  a:  5  o 

5  uj  —  <2^ 
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jo2o  i-  ^ 2 
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O  £300 
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UJ  O  5  o 

§  £  UJ  co  K  y 
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55  EIGHT-NODE  SHELL  ELEMENTS  AND  2  THREE- 
NODE  PRISMATIC  SHELL  ELEMENTS 


TABLE  6-3a:  FEATURES  OF  DAM  MESH  AND  FOUNDATION  MESH  IN  EACD  ANALYSIS 
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FLEXIBLE  57  «4«8  973  162  1135  2919 


TABLE  7-1  COMPUTED  NATURAL  FREQUENCIES  OF  THE  FIRST  15  MODES 
OF  VIBRATION  OF  THE  DAM  WITH  EMPTY  RESERVOIR. 


COMPUTED  NATURAL  FRE¬ 
QUENCIES  OF  THE  DAM 

ON  RIGID  FOUNDATION 

ROCK  WITH  EMPTY  RES¬ 
ERVOIR 

COMPUTED  NATURAL  FRE¬ 
QUENCIES  OF  THE  DAM- 
FOUNDATION  SYSTEM 

WITH  EMPTY  RESERVOIR 

NOTE:  FOUNDATION 

ROCK  IS 

FLEX  1 BLE 

DECREASE  IN  NATURAL 
FREQUENCY  DUE  TO  THE 
EFFECTS  OF  FOUNDATION 
FLEXIBILITY 

(CYCLES/SEC. ) 

(CYCLES/SEC.) 

PERCENT  {%) 

5.664 

5.319 

6.09 

6.479 

5.430 

16.19 

8.235 

6.777 

17.70 

8.656 

8.058 

6.91 

11.072 

9.670 

12.66 

12.112 

11.588 

4.33 

13.396 

1 1  .628 

13.20 

13.608 

11.937 

12.28 

14.157 

13.708 

3.  17 

15.553 

14.291 

8.11 

16.297 

14.332 

12.06 

16.807 

15.468 

7.97 

17.571 

16.075 

8.51 

18.573 

16.727 

9.94 

19.608 

18.128 

7.55 

TABLE  8-1:  SUMMARY  OF  STATIC  TENSILE  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESERVOIR  IS  FULL  WITH 
POOL  ELEVATION  =  527  FEET.  STATIC  STRESSES  ARE  COMPUTED  AT  THE 


DAM  NODAL  POINTS  US  1 

NG  EACD. 

STATIC 

ARCH  STRESS 

STATIC 

CANTILEVER  STRESS 

_ i 

STATIC 

PRINCIPAL  STRESS  ! 

TENS  1 LE 
STRESS 

(  PSD 

DAM 

NODAL  POINT 

TENS  1 LE 
STRESS 

(  PSI  ) 

DAM 

NODAL  POINT 

TENS  1 LE 
STRESS 

(PSI) 

DAM 

NODAL  POINT 

STATIC  RESPONSE  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK 

57 

472 

m 

472 

207 

472 

48 

482 

172 

486 

173 

486 

i*6 

487 

146 

487 

148 

487 

44 

378 

122 

469 

129 

482 

35 

469 

n 

463 

124 

469 

STATIC  RESPONSE  OF  THE  DAM  ON  RIGID  FOUNDATION  ROCK 

80 

472 

244 

472 

262 

472 

62 

482 

1  95 

486 

i 

196 

486 

48 

487 

147 

487 

149 

487 

n 

378 

164 

469 

166 

482 

53 

469 

163 

463 

167 

469 

55 


TABLE  9-1:  CASES  OF  D AM -WATER -FOUNDAT I  ON  SYSTEM  ANALYZED 


CASE 

CONSTANT 
HYSTERETIC 
DAMPING  FACTOR 

V 

WAVE 

REFLECTION 

COEFFICIENT 

a 

EARTHQUAKE 

EXCITATION 

1 

0.  10 

1.00 

QUAKE  1 

2 

0.  10 

0.90 

QUAKE  1 

3 

0.  10 

0.75 

QUAKE  1 

4 

0.  10 

0.50 

QUAKE  1 

5 

0.14 

1  .00 

QUAKE  1 

6 

0.  1  4 

0.90 

QUAKE  1 

7 

0.  14 

0.75 

QUAKE  1 

8 

0.14 

0.50 

QUAKE  1 

9* 

0.  10 

1.00 

QUAKE  2 

10* 

0.  10 

0.90 

QUAKE  2 

1  1* 

0.10 

0.75 

QUAKE  2 

12 

0,10 

0.50 

QUAKE  2 

■B 

0.  14 

1.00 

QUAKE  2 

1  4 

0.  14 

0.90 

QUAKE  2 

mm 

0.14 

0.75 

QUAKE  2 

mm 

0.  14 

0.50 

QUAKE  2 

*  CASES  9,  10,  AND  II  ARE  ANALYZED  FOR  FOUR  EXCITATIONS:  UP¬ 
STREAM  GROUND  MOTION  ONLY,  VERTICAL  GROUND  MOTION  ONLY,  CROSS¬ 
STREAM  GROUND  MOTION  ONLY,  AND  ALL  THREE  GROUND  MOTION  COMPO¬ 
NENTS  ACTING  SIMULTANEOUSLY.  THE  OTHER  CASES  ARE  ANALYZED 
ONLY  FOR  ALL  THREE  COMPONENTS  ACTING  SIMULTANEOUSLY. 
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EACH  3-D  SOLID  DAM  ELEMENT  HAS  8  STRESS  LOCATIONS  (GAUSS  QUADRATURE  POINTS)  INSIDE  THE  ELEMENT.  THE  LOCATIONS  ARE  NUMBERED  I  TO  8. 


-4:  SUMMARY  OF  MAXIMUM  COMPRESSIVE  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL)  IN  THE  DAM  ON  FLEXIBLE  FOUNDATION 

TH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  1  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF 

AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

LOCATION  WHERE 

MAXIMUM  COMPRESSIVE 
PRINCIPAL 

STRESS  OCCURS 

STRESS 

LOCATION* 

OR 

NODAL  POINT 

NUMBER 

=f 

zt 

rJ- 

zf- 

=t- 

303 

303 

CO 

o 

CO 

CO 

O 

CO 

303 

CD 

O 

CD 

303 

303 

ELEMENT 

NUMBER 

* 

CD 

03 

03 

03 

03 

* 

03 

t 

1 

1 

1 

' 

1 

I 

1 

TIME 

OF 

OCCURRENCE 

(SEC.) 

5.38 

5.38 

5-38 

5-38 

OO 

IT) 

5-38 

5.38 

5-38 

=*- 

1X3 

5.38 

5.38 

5.38 

oo 

00 

CD 

5.38 

5.38 

7.36 

MAXIMUM 

COMPRESSIVE 

PRINCIPAL 

STRESS 

(PSI) 

St 

1842 

1716 

1553 

1568 

zi- 

03 

IT) 

1505 

o 

CO 

CO 

" 

=h 

03 

o 

C4 

2117 

1979 

1797 

1849 

1816 

1722 

1585 

LOCATION  WHERE 
MAXIMUM  COMPRESSIVE 
CANTILEVER 
STRESS  OCCURS 

STRESS 

LOCATION* 

OR 

NODAL  POINT 
NUMBER 

00 

H- 

x 

LU 

OO 

f". 

00 

00 

oo 

03 

“ 

03 

_ 

05 

03 

03 

03 

03 

03 

ELEMENT 

NUMBER 

.i- 

LU 

UJ 

2: 

o 

CO 

—1 

o 

GO 

o 

1 

CO 

57 

57 

57 

57 

57 

57 

57 

57 

NTS  OF  THE  3-D  SOLID  DAM  ELEMENTS 

I 

1 

> 

1 

1 

■ 

■ 

1 

TIME 

Ul- 

OCCURRENCE 

(SEC.) 

7.58 

7.58 

7.58 

7.58 

7.58 

5.38 

5.38 

5.38 

5.14 

OO 

CD 

ID 

5.38 

5.38 

6.66 

St 

ID 

5.38 
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5.38 

MAXIMUM 

COMPRESSIVE 

CANTILEVER 
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t— 
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oo 
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CO 

St 

00 

867 

855 

819 

768 

1693 

1608 

1520 

1400 
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LD 

CD 

St 

1361 

1270 

LOCATION  WHERE 
MAXIMUM  COMPRESSIVE 
ARCH 

STRESS  OCCURS 

STRESS 

LOCATION* 

OR 

NODAL  POINT 

NUMBER 

x 
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Ul 
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St 
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Zt 
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CD 
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ELEMENT 

NUMBER 

[  QUAKE  1  STRESSES  COMPUTED  AT  GAUSS  QUA 
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EACH  3-D  SOLID  DAM  ELEMENT  HAS  8  STRESS  LOCATIONS  (GAUSS  QUADRATURE  POINTS)  INSIDE  THE  ELEMENT.  THE  LOCATIONS  ARE  NUMBERED  l  TO  8. 
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EACH  3-D  SOLID  DAM  ELEMENT  HAS  8  STRESS  LOCATIONS  (GAUSS  QUADRATURE  POINTS)  INSIDE  THE  ELEMENT.  THE  LOCATIONS  ARE  NUMBERED  I  TO  8. 


TABLE  9-6:  SUMMARY  OF  DYNAMIC  RESPONSES*  OF  THE  DAM.  ON  FLEXIBLE  FOUNDATION 
ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  TO  QUAKE  2,  “H  -  O.IO 


CASE 

1 

PEAK 

RADIAL 

DISPLACEMENT 

AT 

DAM  CREST 
NODAL 

POINT  300 
(INCHES) 

MAXIMUM 

TENSILE 

ARCH 

STRESS 

(PSI) 

LOCATION  WHERE 
MAXIMUM 

TENSILE 

ARCH 

STRESS 

OCCURS 

MAXIMUM 

TENSILE 

CANTILEVER 

STRESS 

(PSI) 

LOCATION  WHERE 
MAXIMUM 

TENSILE 

CANTILEVER 

STRESS 

OCCURS 

ELEMENT 

NUMBER 

STRESS 

LOCATION 

NUMBER 

ELEMENT 

NUMBER 

STRESS 

LOCATION 

NUMBER 

(a) RESPONSE  TO  UPSTREAM  COMPONENT  OF  QUAKE  2 

9 

1 .00 

1 .29 

1774 

9 

| 

823 

56 

3 

10 

0.90 

1  .26 

1692 

9 

4 

774 

56 

3 

1  1 

0.75 

1.21 

1576 

9 

4 

701 

56 

3 

(b) RESPONSE  TO  VERTICAL  COMPONENT  OF  QUAKE  2 

9 

1  .00 

0.55 

751 

9 

4 

353 

56 

3 

10 

0.90 

0.47 

748 

9 

4 

346 

56 

3 

D 

0.75 

0.36 

589 

9 

4 

296 

56 

3 

(c)RESPONSE  TO  CROSS-STREAM  COMPONENT  OF  QUAKE  2 

1  .00 

0.59 

289 

10 

4 

287 

57 

2 

L'° 

0.90 

0.61 

308 

10 

4 

288 

57 

2 

I 

0.75 

0.63 

312 

10 

4 

287 

57 

2 

(d) RESPONSE  TO  UPSTREAM.  VERTICAL,  AND  CROSS-STREAM  COMPONENTS, 

SIMULTANEOUSLY,  OF  QUAKE  2 

9 

1  .00 

1.32 

2067 

9 

4 

1060 

56 

2 

10 

0.90 

1.21 

Bn 

9 

4 

1042 

56 

2 

1 1 

0.75 

1.15 

1974 

9 

4 

933 

56 

2 

*EFFECTS  OF  STATIC  LOADS  ARE  EXCLUDED 
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TABLE  9-7  SUMMARY  OF  MAXIMUM  TENSILE  STRESSES  ON  UPSTREAM  FACE,  DOWNSTREAM  FACE, 
AND  MID-FACE  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL 
ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I  AND  QUAKE  2  EXCITATIONS.  STATIC  STRESSES 
DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. _ 


oC 

UPSTREAM  FACE 

DOWNSTREAM  FACE 

MID-FACE 

MAXIMUM 

TENSILE 

STRESS 

(PSI) 

TIME  OF 
OCCURRENCE 
(SBC.) 

NODAL 

POINT 

NUMBER 

MAXIMUM 

TENSILE 

STRESS 

(PSD 

TIME  OF 
OCCURRENCE 
(SEC.) 

NODAL 

POINT 

NUMBER 

MAXIMUM 

TENSILE 

STRESS 

(PSD 

TIME  OF 
OCCURRENCE 

(SEC.) 

NODAL 

POINT 

NUMBER 

QUAKE  1  rj  =  0. 1 4 

0.90 

1295 

4.92 

472 

846 

7.24 

149 

867 

7.26 

217 

0.75 

1128 

i|.92 

472 

786 

7.24 

149 

869 

7.26 

217 

QUAKE  2  ?7  =  0.  m 

0.90 

1791 

11.66 

303 

1397 

4.66 

149 

1404 

4.66 

217 

0.75 

1638 

4.66 

303 

1278 

4.66 

149 

1283 

i|.66 

217 
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DOWNSTREAM  FACE  UPSTREAM  FACE 


TABLE  9-8:  SUMMARY  OF  MAXIMUM  TENSILE  STRESS  LEVELS  (ARCH  AND  CANTILEVER 
STRESSES)  AT  THE  MOST-STRESSED  LOCATIONS  EXCEEDED  SIX  TIMES  DURING  QUAKE 
I  AND  QUAKE  2.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION 
ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET).  CONSTANT  HYSTERETIC 
DAMPING  FACTOR  =  0.14,  WAVE  REFLECTION  COEFFICIENT  =  0.90. 


MAXIMUM  TENSILE  STRESS  LEVELS 
EXCEEDED  SIX  TIMES 

DURING  QUAKE  1 

MAXIMUM  TENSILE  STRESS  LEVELS 
EXCEEDED  SIX  TIMES 

DURING  QUAKE  2 

DAM 

ARCH 

DAM 

CANTILEVER 

DAM 

ARCH 

DAM 

CANTILEVER 

NODAL 

STRESS 

NODAL 

STRESS 

NODAL 

STRESS 

NODAL 

STRESS 

POINT 

NUMBER 

(PSI) 

POINT 

NUMBER 

(PSD 

POINT 

NUMBER 

(PSD 

POINT 

NUMBER 

(PSD 

304 

891 

472 

949 

304 

851 

484 

813 

303 

816 

484 

947 

303 

792 

480 

799 

319 

694 

481 

918 

305 

706 

481 

791 

305 

669 

486 

909 

319 

686 

476 

785 

302 

638 

476 

908 

320 

595 

472 

746 

336 

585 

487 

886 

336 

578 

486 

727 

337 

581 

480 

804 

353 

535 

487 

687 

320 

567 

465 

800 

337 

530 

465 

664 

353 

548 

483 

797 

302 

516 

463 

603 

338 

477 

463 

789 

338 

502 

483 

586 

301 

443 

473 

780 

369 

475 

473 

571 

306 

392 

475 

776 

370 

424 

475 

553 

21 

365 

184 

299 

24 

314 

184 

270 

22 

358 

195 

277 

21 

304 

171 

256 

20 

358 

149 

268 

22 

304 

195 

242 

23 

335 

171 

268 

20 

298 

149 

235 

38 

299 

158 

239 

23 

293 

200 

185 
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FIGURE  1-1 
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FIGURE  3-1 

M6.5-8K-83  DELTA  T=0.01  SEC 


MODIFIES  X-COMPONENT  FOR  6.5  EARTHQUAKE 
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nODIFIED  X-COnpONENT  FOR 
6.9  EARTHQUAKE 
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PERIOD,  SECONDS 
FIGURE  3-4 

M6.5-8K-83  DELTA  T=0.02  SEC 


M6.5-8K-83  Y-COMPONENT  DURATION 12  SEC.  TIME  STEP=0.02  SEC. 
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ME,  SECONDS 


M6.5-8K-83  Z-COMPONENT  DURATION=f 8. 45  SEC.  TIME  STEP=0.02  SEC. 


TIME,  SECONDS 
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M6.5-8k-83  Y-COMPONENT 
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M6.4-8K-83  X-COMPONENT  DURATION  16  SEC.  TIME  STEP=0.02  SEC 
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FIGURE  3-13 
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M6.4-8k-83  X-COMPONENT 
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PERIOD, SECONDS 


THIS  TYPE  OF  SOLID  ELEMENT  HAS 
TWO  TRIANGULAR  FACES  AND  THREE 
QUADRILATERAL  FACES. 


TOTAL  NUMBER  OF  DAM  ELEMENTS  -  6 
TOTAL  NUMBER  OF  DAM  NODES  =  I7N 


NOTE: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS 
TWO  TRIANGULAR  FACES  AND  THREE 
QUADRILATERAL  FACES. 


TOTAL  NUMBER  OF  DAM  ELEMENTS  =  65 
TOTAL  NUMBER  OF  DAM  NOOES  =  174 


CROWN  CANTILEVER  SECTION 


FIGURE  6-2  I -LAYER— 2( 


NODES 


TYPICAL  20  -  NODE  SOLID  DAM  ELEMENT 


TYPICAL  6  -  NODE  PRISMATIC  SOLID  DA) 


note: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS 
SIX  QUADRILATERAL  FACES.  THE 
EDGES  OF  THE  ELEMENT  MAY  BE 
CURVED  TO  A  PARABOLIC  SHAPE 
SINCE  THERE  ARE  THREE  NODES 
ALONG  EACH  EDGE. 


NOTE: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS 
TRIANGULAR  FACES  AND  THREE  QUADI 
LATERAL  FACES. 


LE  6-2  I-LAYER-20-.N0DE  SOLID  FINITE  ELEMENT  DAM  MODEL  (IL20ND) 


X 
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note: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS  TWO 
TRIANGULAR  FACES  AND  THREE  QUADRI¬ 
LATERAL  FACES. 


TOTAL  NUMBER  OF  DAM  NODES  =  487 


DAM  NODES 


CROWN  CANTILEVER  SECTION 


TYPICAL 


NOTE: 


TH 1 3  T1 
SIX  QUi 
EDGES  ( 
CURVED 
SINCE  J 
AL0N6  i 


FIGURE  6-3  2-LAYER -20- 


TYPICAL  20-H0DE  SOLID  PAH  ELEMENT 


note: 


THIS  TYPE  OF  SOLID  ELEMENT  HAS 
SIX  QUADRILATERAL  FACES.  THE 
EDGES  OF  THE  ELEMENT  MAY  BE 
CURVED  TO  A  PARABOLIC  SHAPE 
SINCE  THERE  ARE  THREE  NODES 
ALONG  EACH  EDGE. 


TYPICAL  6-NODE  PRISMATIC  SOLID  DAM  ELEI 

NOTE: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS 
TWO  TRIANGULAR  FACES  AND  THREE 
QUADRILATERAL  FACES. 


TOTAL  HUMBER  OF  DAM  ELEMENT 
TOTAL  HUMBER  OF  DAM  NODES  = 


IGURE  6-3  2-LAYER -20-node  SOLID  FINITE  ELEMENT  DAM  MODEL  (2L2QND) 


TYPICAL  6-NODE  PRISMATIC  SOLID  DAM  ELEMENT 


NOTE: 

THIS  TYPE  OF  SOLID  ELEMENT  HAS 
TWO  TRIANGULAR  FACES  AND  THREE 
QUADRILATERAL  FACES. 


TOTAL  NUMBER  OF  DAM  ELEMENTS  =  114 
TOTAL  NUMBER  OF  DAM  NODES  =  768 


L20ND) 
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DAM  NODES 


CROWN  CANTILEVER  SECTION  TYPICAL  8  - 


NOTE: 

ALL  NODES 
LOCATED  A" 


FIGURE  6-4  8-NODE  THICK  SHELL  F 


ALL  NODES  OF  SHELL  ELEMENT  ARE 
LOCATED  AT  THE  MID-SURFACE- 


ALL  NODES  OF  SHELL  ELEMENT  AR 
LOCATED  AT  THE  MID-SURFACE. 


- - - — 
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- 1 - 
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TOTAL  NUMBER  OF  DAM  ELEMENTS  =57 
TOTAL  NUMBER  OF  DAM  NODES  =  206 


1  8-NODE  THICK  SHELL  FINITE  ELEMENT  DAM  MODEL  (8NTSD) 


TYPICAL  3  -  NODE  PRISMATIC  SHELL  DAM  ELEMENT 


note: 

ALL  NODES  OF  SHELL  ELEMENT  ARE 
LOCATED  AT  THE  MID-SURFACE. 


TOTAL  NUMBER  OF  DAM  ELEMENTS  =  57 
TOTAL  NUMBER  OF  DAM  NODES  =  206 


2L20ND  MODEL 
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FIGURE  6-6  PLOT  OF  MODE  SHAPES  OF  CREST 
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FIGURE  6-8  PLOT  OF  MODE  SHAPES  OF  CREST 
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PLOT  OF  MODE  SHAPES  OF  CREST 
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FIGURE  6-12  PLOT  OF  MODE  SHAPES  OF  CREST 


2L20ND  MODEL 
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FIGURE  6-14  PLOT  OF  MODE  SHAPES  OE  CREST 
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FIGURE  6-16  PLOT  OF  MODE  SHAPES  OF  CREST 
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FIGURE  6-18  PLOT  OF  MODE  SHAPES  OF  CREST 


2L20ND  MODEL 
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FIGURE  6-20  PLOT  OF  MODE  SHAPES  OF  CREST 


2L20ND  MODEL 
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FIGURE  6-22  PLOT  OF  MODE  SHAPES  OF  CREST 
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FIGURE  6-27  DEVELOPED  VIEW  OF  DOWNSTREAM  FACE, LOOKING  UPSTREAM 

ELEMENT  NUMBERS  ARE  SHOWN _ _ 


FIGURE  6-28  DEVELOPED  VIEW  0 
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FIGURE  6-29  SECTION 
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FIGURE  6-31  SECTION  3 
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FIGURE  6-32  SECTION  4 
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FIGURE  6-33  SECTION  5 
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FIGURE  6-36  SECTION  8 


125 


126 


00  00 
CD  OJ 


r--  lo 
oo  o 
oo 


<o  oc 

o 

—  -<r 

CNi 


127 


FIGURE  6-39  SECTION  I  I 
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FIGURE  6-40  SECTION  12 
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FIGURE  6-41  SECTION  13 
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INTERFACE)  ASSOCIATED  WITH  THE  SEMICIRCULAR 
PLANES  ARE  NOT  SHOWN. 


FIGURE  6-1+3  NODAL  POINT  ARRANGEMENT  ON  AN  INCLINED 
SEMICIRCULAR  PLANE  AND  IRREGULAR  SURFACE  CONNECTING 
THE  PUNE  TO  THE  DAM-FOUNDATION  INTERFACE 
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TYPICAL  8-HOPE  SOLID  FOUNDATION  ELEMENT 

NOTE:  THIS  TYPE  OF  SOLID  ELEMENT  HAS  SIX 
QUADRILATERAL  FACES  AND  IS  USED  IN 
BOTH  EACD  AND  GTSTRUDL  ANALYSES. 


TYPICAL  9-NODE  SOLID  FOUNDATION  ELEMEN1 

NOTE:  THIS  TYPE  OF  SOLID  ELEMENT  HAS  S 
THE  EDGE  WITH  THREE  NODES  MAY  Bi 
SHAPE.  THE  9-NODE  ELEMENT  IS  U! 
IN  THE  CASE  OF  GTSTRUDL  ANALYSIS 
OMITTED  AND  THE  ELEMENT  BECOMES 


FOUNDATION  ELEMENT 

'OLID  ELEMENT  HAS  SIX  QUADRILATERAL  FACES. 
THREE  NODES  MAY  BE  CURVED  TO  A  PARABOLIC 
■NODE  ELEMENT  IS  USED  IN  EACD  ANALYSIS  ONLY. 
:  GTSTRUDL  ANALYSIS,  THE  NON-CORNER  NODE  IS 
IE  ELEMENT  BECOMES  8-NODE  SOLID  ELEMENT. 


TYPICAL  12-NODE  SOLID  FOUNDATION  ELEMENT 

NOTE:  THIS  TYPE  OF  SOLID  ELEMENT  HAS  SIX  QUADRILATERAL 
THE  EDGES  WITH  THREE  NODES  MAY  BE  CURVED  TO  A  PA 
SHAPE.  THE  12-NODE  ELEMENT  IS  USED  IN  EACD  ANAL 
IN  THE  CASE  OF  GTSTRUDL  ANALYSIS,  THE  NON-CORNER 
ARE  OMITTED  AND  THE  ELEMENT  BECOMES  8-NODE  SOLID 


ON-ROCK  FINITE  ELEMENT  MODEL,  LOOKING  DOWNSTREAM 


HOPE  SOLID  FOUNDATION  ELEMENT 

TYPE  OF  SOLID  ELEMENT  HAS  SIX  QUADRILATERAL  FACES. 
EDGES  WITH  THREE  NODES  MAY  BE  CURVED  TO  A  PARABOLIC 
E.  THE  12-NODE  ELEMENT  IS  USED  IN  EACD  ANALYSIS  ONLY. 
HE  CASE  OF  GTSTRUDL  ANALYSIS,  THE  NON-CORNER  NODES 
DMITTED  AND  THE  ELEMENT  BECOMES  8-NODE  SOLID  ELEMENT. 


TOTAL  NUMBER  OF  FOUNDATION  ELEMENTS  =  468 
TOTAL  NUMBER  OF  FOUNDATION  NODES 
(INCLUDING  NON-CORNER  NODES)  =  781 
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infinite 

UNIFORM 

CHANNEL 


FIGURE  6-1*6  ILLUSTRATIVE  SKETCH  OF  ARCH  DAM-WATER-FOUNDATION  SYSTEM 
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TYPICAL  3-D  20-N0DE  ELEMENT 
MESH  I 


TYPICAL  3-D  19-NODE  ELEMENT 
MESH  I 


MESH  I 


TYPICAL  2-D  7-NODE  ELEMENT 
MESH  3,  MESH  4 


TYPICAL  2-D  8-NODE  ELEMENT 
MESH  2,  MESH  3,  MESH  4 


MESH  3 


TYPICAL  l-D  3-NODE  ELEMENT 
MESH  5 


FIGURE  6—48  TYPES  OF  FLUID  FINITE  ELEMENTS  USED 
IN  THE  RESERVOIR  FINITE  ELEMENT  MODEL _ 
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MODE  2 


MODE  3 
1L20ND  MODEL 
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MODE  4 


MODE  5 
1L20ND  MODEL 


MODE  6 


MODE  8 
1L20ND  MODEL 


MODE  9 
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MODE  10 


MODE  1! 
1L20ND  MODEL 
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MODE  13 


MODE  H 
1L20ND  MODEL 

FREQUENCY  =  16.73  Hz 


MODE  I 

1L20ND  MODEL 


152 


MODE  2 
IL20ND  MODEL 
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1L20ND  MODEL 


MODE  4 
1L20ND  MODEL 
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1 L20ND  MODEL 
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IL20ND  MODEL 
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MODE  8 
IL20ND  MODEL 
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MODE  9 
IL20ND  MODEL 
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MODE  II 
IL20ND  MODEL 
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MODE  12 
1L20ND  MODEL 
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MODE  13 
IL20ND  MODEL 


164 


MODE  14 
1L20ND  MODEL 
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MODE  15 
IL20ND  MODEL 
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CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  7-31  DYNAMIC  ARCH  STRESS  RESPONSE  AT  STRESS  LOCATION  4 
IN  ELEMENT  9  DUE  TO  QUAKE  1 .  RESPONSE  IS  COMPUTED  FOR  THE  DAM 
ON  RIGID  FOUNDATION  ROCK  WITH  EMPTY  RESERVOIR.  STATIC  STRESSES 
ARE  NOT  INCLUDED.  CONSTANT  HYSTERETIC  DAMPING  FACTOR  =0.10 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  SS3&18  y3A31IlNV0 
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FIGURE  7-32  DYNAMIC  CANTILEVER  STRESS  RESPONSE  AT  STRESS  LOCATION  3 
IN  ELEMENT  5t  DUE  TO  QUAKE  2.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON 
RIGID  FOUNDATION  ROCK  WITH  EMPTY  RESERVOIR.  STATIC  STRESSES  ARE  NOT 
INCLUDED.  CONSTANT  HYSTERETIC  DAMPING  FACTOR  =  O.iO 


QUAKE  1 

PEAK  COMPRESSIVE  ARCH  STRESS  AT  STRESS  LOCATION  4  IN  ELEMENT  9 
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FIGURE  7-33  PLOT  OF  PEAK  (DYNAMIC}  COMPRESSIVE  ARCH  STRESS  AT  STRESS 
LOCATION  4  IN  ELEMENT  9  DUE  TO  QUAKE  t  FOR  SELECTED  NUMBERS  OF  VIBRA¬ 
TION  MODES.  STATIC  STRESSES  ARE  NOT  INCLUDED.  THE  DAM  IS  ASSUMED  TO 
BE  SUPPORTED  ON  RIGID  FOUNDATION  ROCK  WITH  AN  EMPTY  RESERVOIR. 


QUAKE  2 
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FIGURE  7-34  PLOT  OF  PEAK  CDYNAMIC)  TENSILE  CANTILEVER  STRESS  AT  STRESS 
LOCATION  3  IN  ELEMENT  51  DUE  TO  QUAKE  2  FOR  SELECTED  NUMBERS  OF  VIBRA¬ 
TION  MODES.  STATIC  STRESSES  ARE  NOT  INCLUDED.  THE  DAM  IS  ASSUMED  TO  BE 
SUPPORTED  ON  RIGID  FOUNDATION  ROCK  WITH  AN  EMPTY  RESERVOIR. 
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FIGURE  8-1  DEPTH  OF  SILT  AGAINST  ' 

GRA 

0  50  100 


F  SILT  AGAINST  THE  UPSTREAM  FACE  OF  ENGLEBRIGHT  DAM 

GRAPHIC  SCALE 

0  50  100  200  300 
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ELEVATION  (FEET)  ELEVATION  (FEET) 


CANTILEVER  STRESS  (PSD 


FIGURE  8-2  STATIC  ARCH  AND  CANTILEVER  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF 
THE  DAM  ALONG  SECTION  6  DUE  TO  USUAL  LOADING.  STATIC  STRESSES  ARE  COMPUTED  FOR  THE 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET). 


ELEVATION  (FEET)  ELEVATION  (  FEET ) 


FIGURE  8-3  STATIC  ARCH  AND  CANTILEVER  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF 
THE  DAM  ALONG  CROWN  CANTILEVER  DUE  TO  USUAL  LOADING.  STATIC  STRESSES  ARE  COMPUTED 
FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527 
FEET). 
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FIGURE  8-4  PLOT  OF  PRINCIPAL  J 
ON  FLEXIBLE  FOUNDATION 


FIGURE  8-5  PLOT  OF  PRINCIPAL  SI 
ON  FLEXIBLE  FOUNDATION 


STRESSES  ] 
TENSION  S\ 


FIGURE  8-5  PLOT  OF  PRINCIPAL  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  USUAL  LOADING 


STRESS  S( 


Si 


UPSTREAM  FACE 
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FIGURE  8-6  CONTOUR  PLOT  OF  ARCH  STRESSES  ON  UPSTREAM  AND  DOUNSTREAM  FACES  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  USUAL  LOADING. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


UPSTREAM  FACE 


176 


FIGURE  8-7  CONTOUR  PLOT  OF  CANTILEVER  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF  THE  DAM 

ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  USUAL  LOADING. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


UPSTREAM  FACE 
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FIGURE  8-8  CONTOUR  PLOT  OF  MAJOR  PRINCIPAL  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF  THE  DAM 

ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  USUAL  LOADING. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


FIGURE  8-9  PLOT  OF  PRINCIPAL  J 
ON  FLEXIBLE  FOUNDATION 


CONTOUR  PLOT  OF  ARCH  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  SURCHARGE  LOADING. 

NOTE:  ALL  STRESSES  ARE  IN  PSI. 


FIGURE  8-12  CONTOUR  PLOT  OF  CANTILEVER  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  SURCHARGE  LOADING. 

NOTE:  ALL  STRESSES  ARE  IN  PSI. 


UPSTREAM  FACE 
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FIGURE  8-13  CONTOUR  PLOT  OF  MAJOR  PRINCIPAL  STRESSES  ON  UPSTREAM  AND  DOWNSTREAM  FACES  OF  THE  DAM 

ON  FLEXIBLE  FOUNDATION  ROCK  DUE  TO  SURCHARGE  LOADING. 

NOTE:  ALL  STRESSES  ARE  IN  PSI. 


LOOKING  DOWNSTREAM 
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I  BY 


FIGURE  9-3  DEVELOPED  VIEW  OF  DOWNSTREAM  FACE,  LOOKING  UPSTREAM 

ELEMENT  NUMBERS  ARE  SHOWN _  _ _ 


FIGURE  9-4  DEVELOPED  VIEW  OF 

NODE  NUMBE 


\ 


:e, looking  upstream 


MAXIMUM  TENSILE  MAXIMUM  TENSILE 

CANTILEVER  STRESS  (PSD  ARCH  STRESS  (PSD 


STRESSES  COMPUTED  AT  GAUSS  QUADRATURE  POINTS 


FIGURE  9-5  MAXIMUM  TENSILE  STRESSES  (DUE  TO  QUAKE  I  EXCITATION)  IN  THE 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
=  527  FEET)  VERSUS  CC  FOR??  =0.10  ANC^  =0.14.  STATIC  STRESSES  DUE  TO 
DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 
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MAXIMUM  TENSILE  MAXIMUM  TENSILE 

CANTILEVER  STRESS  (PSD  ARCH  STRESS  (PSI) 


STRESSES  COMPUTED  AT  DAM  NODAL  POINTS 


WAVE  REFLECTION  COEFFICIENT,  OC 


FIGURE  9-6  MAXIMUM  TENSILE  STRESSES  (DUE  TO  QUAKE  I  EXCITATION)  IN  THE 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
=  527  FEET)  VERSUS  CL  FOR  7)  —  0. 10  AND 77  =0.14.  STATIC  STRESSES  DUE  TO 
DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 
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MAXIMUM  TENSILE  MAXIMUM  TENSILE 

CANTILEVER  STRESS(PSI)  ARCH  STRESS  ( PSI ) 


STRESSES  COMPUTED  AT  GAUSS  QUADRATURE  POINTS 


WAVE  REFLECTION  COEFFICIENT,  OC 


FIGURE  9-7  MAXIMUM  TENSILE  STRESSES  (DUE  TO  QUAKE  2  EXCITATION)  IN  THE 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
=  527  FEET)  VERSUS  a  FOR  7]  -  O.IO  AND  7)  -  0.14.  STATIC  STRESSES  DUE  TO 
DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 
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MAXIMUM  TENSILE  MAXIMUM  TENSILE 

CANTILEVER  STRESS  (PSD  ARCH  STRESS  (  PSI ) 


STRESSES  COMPUTED  AT  DAM  NODAL  POINTS 


FIGURE  9-8  MAXIMUM  TENSILE  STRESSES  (DUE  TO  QUAKE  2  EXCITATION)  IN  THE 
0AM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
=  527  FEET)  VERSUS  a  FOR  TJ  -  0.10  AND  T)  —  0. 14.  STATIC  STRESSES  DUE  TO 
DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 


89 


WAVE  REFLECTION  COEFFICIENT  =1.00 
CONSTANT  HYSTERETIC  DAMPING  FACTOR  =  0 


CS3H3NI)  !N3W33VldSIG  IVICVd 
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FIGURE  9-9  DYNAMIC  RADIAL  DISPLACEMENT  RESPONSE  AT  DAM  CREST  NODAL 
POINT  300  DUE  TO  UPSTREAM,  VERTICAL,  AND  CROSS-STREAM  COMPONENTS, 
SEPARATELY  AND  SIMULTANEOUSLY,  OF  QUAKE  2.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 


WAVE  REFLECTION  COEFFICIENT  =0.90 
CONSTANT  HYSTERETIC  DAMPING  FACTOR  =  0 
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WAVE  REFLECTION  COEFFICIENT  =0.75 
CONSTANT  HYSTERETIC  DAMPING  FACTOR  =  0 
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MAXIMUM  MAJOR  PRINCIPAL  STRESS  =  1.295  KSI 
ASSOCIATED  MINOR  PRINCIPAL  STRESS  =  0.278  KSI 
LOCATED  AT  NODE  472 


FIGURE  9-12  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AN 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RE 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  T 

WAVE  REFLECTIO 


FIGURE  9-13  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AN 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RE 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  T 

WAVE  REFLECTIO 


IF  MAJOR  PRINCIPAL  STRESSES  AND  THE  ASSOCIATED  MINOR  PRINCIPAL  STRESSES  ON  UPSTREAM  FACE  OF  THE 
!  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  1 . 

!ESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

WAVE  REFLECTION  COEFFICIENT  =0.75 

oL 


FIGURE  9-14  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AND 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RES 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  Th 

WAVE  REFLECTS 


FIGURE  9-15  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AND 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RES 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  Tf 

WAVE  REFLECTIOf 


STRESSES  IN  KSI 
TENSION  SHOWN 

STRESS  SCALE 


5ES  ON  DOWNSTREAM  FACE  OF  THE 
JE  TO  QUAKE  1 . 

CLUDED. 


MAXIMUM  MAJOR  PRINCIPAL  STRESS  =  1.791  KSI 
ASSOCIATED  MINOR  PRINCIPAL  STRESS  =  -0  006  KSI 
LOCATED  AT  NODE  303 


FIGURE  9-16  ENV 
D 


MAXIMUM  MAJOR  PRINCIPAL  STRESS  =  1.638  KSI 
ASSOCIATED  MINOR  PRINCIPAL  STRESS  =  -0  006  KSI 
LOCATED  AT  NODE  303 


FIGURE  9-17  ENV 
D 


FIGURE  9-16  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AND  THE  ASSOCIATED  MINOR  I 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  I 


WAVE  REFLECTION  COEFFICIENT  =0.90 


FIGURE  9-17  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AND  THE  ASSOCIATED  MINOR  F 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  F 

WAVE  REFLECTION  COEFFICIENT  =  0.75 

X 


MD  THE  ASSOCIATED  MINOR  PRINCIPAL  STRESSES  ON  UPSTREAM  FACE  OF  THE 
ESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 

THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  'I  195 

)N  COEFFICIENT  =0.75  J 


FIGURE  9-19  ENVELOPE  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  AN! 

DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  Rl 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  ' 

WAVE  REFLECTIi 


RINCIPA 
ION  ROC 
E  TO  DE 


m 

m 


IWvj 


PRINCIPAL  STRESSES  AND  THE  ASSOCIATED  MINOR  PRINCIPAL  STRESSES  ON  DOWNSTREAM  FACE  OF  THE 
\TION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 

)UE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

WAVE  REFLECTION  COEFFICIENT  =0.75 


STRESSES  IN  KSI 
TENSION  SHOWN 

STRESS  SCALE 


STRESSES  IN  KSI. 
TENSION  SHOWN  - 


WNSTREAM  FACE  OF  THE 
KE  2. 


STRESS  SCALE 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE  9-20  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  ARCH  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 


IRE  9-2 i  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  ARCH  STRESSES  ON  DOUNSTREAM  FACE  OF  THE  DAM 
FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  »  527  FEET)  DUE  TO  QUAKE  1 . 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 


:  9-22  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  CANTILEVER  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 
FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  S27  FEET)  DUE  TO  QUAKE  t. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


m 


FIGURE 9-23  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  CANTILEVER  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  527  FEET)  DUE  TO  QUAKE  1 . 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


300- 


FIGURE  9-24  ENVELOPE  VALUES  OF  MAJOR  (TENSILE)  PRINCIPAL  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 

ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  527  FEET)  DUE  TO  QUAKE  I . 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT—  0.90 
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FIGURE  9-25  ENVELOPE  VALUES  OF  MAJOR  (TENSILE)  PRINCIPAL  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I . 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT 


FIGURE  9-26  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  ARCH  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT  =  0.90 
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FIGURE  9-27  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  ARCH  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT 


15 


FIGURE  9-28  ENVELOPE  VALUES  OF  MAXIMUM  (TENSILE)  CANTILEVER  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 


FIGURE  9-29  ENVELOPE  VALUES  OF  MAXIHUM  (TENSILE)  CANTILEVER  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


FIGURE  9-30  ENVELOPE  VALUES  OF  MAJOR  (TENSILE)  PRINCIPAL  STRESSES  ON  UPSTREAM  FACE  OF  THE  DAM 

UN  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET.)  DUt  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT 


FIGURE  9-31  ENVELOPE  VALUES  OF  MAJOR  (TENSILE)  PRINCIPAL  STRESSES  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE  9-32  INSTANTANEOUS  VALUES  OF  ARCH  STRESSES  (AT  4.92  SEC.)  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  t. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.  I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE  9-3^  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.92  SEC.)  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I . 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


2 


FIGURE  9-35  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  7.24  SEC.)  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I . 
STATIC  STRESSES  DUE  TO  DEAD  UEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE  9-36  INSTANTANEOUS  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  (AT  4.92  SEC.)  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


FIGURE  9-37  INSTANTANEOUS  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  (AT  7.24  SEC.)  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  t . 

STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


>15 


FIGURE 9-38  INSTANTANEOUS  VALUES  OF  ARCH  STRESSES  (AT  4.66  SEC.)  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  UITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE 9-39  INSTANTANEOUS  VALUES  OF  ARCH  STRESSES  (AT  4.66  SEC.)  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I . 


FIGURE  9-40  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.66  SEC.)  ON  UPSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


WAVE  REFLECTION  COEFFICIENT  =0.90 
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FIGURE  9-41  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.66  SEC.)  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET)  DUE  TO  OUAKE  2. 
STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


FIGURE  9-13  INSTANTANEOUS  VALUES  OF  MAJOR  PRINCIPAL  STRESSES  (AT  4.66  SEC.)  ON  DOWNSTREAM  FACE  OF  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  -  527  FEET)  DUE  TO  QUAKE  2. 

STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


UPSTREAM  FACE 
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FIGURE  9-44  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.92  SEC.)  ON  UPSTREAM 
AND  DOUNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(PGOL  ELEVATION  =  S27  FEET)  DUE  TO  QUAKE  t .  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


UPSTREAM  FACE 


JRE  9-45  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  6.78  SEC.)  ON  UPSTREAM 
DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
IL  ELEVATION  -  S27  FEET)  DUE  TO  OUAKE  1 .  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =  0.! 

NOTE:  STRESSES  ARE  IN  P.S.L 


UPSTREAM  FACE 
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FIGURE  9-46  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  7.24  SEC.)  ON  UPSTREAM 
AND  DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I .  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =  0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


UPSTREAM  FACE 


FIGURE  9-47  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  7.58  SEC.)  ON  UPSTREAM 
AND  DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(POOL  ELEVATION  =  527  FEET)  DUE  TO  QUAKE  I .  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =  0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


UPSTREAM  FACE 
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FIGURE  9-48  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  3.12  SEC.)  ON  UPSTREAM 
AND  DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(POOL  ELEVATION  =  S27  FEET)  DUE  TO  QUAKE  2.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


UPSTREAM  FACE 


SURE  9-49  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  TAT  4.54  SEC.)  ON  UPSTREAM 
DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
IL  ELEVATION  =  S27  FEET)  DUE  TO  QUAKE  2.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =  0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


FIGURE  9-50  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.66  SEC.)  ON  UPSTREAM 
AND  DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(POOL  ELEVATION  =  S27  FEET)  DUE  TO  QUAKE  2.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =  0.90. 

NOTE:  STRESSES  ARE  IN  P.S. I. 


UPSTREAM  FACE 
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FIGURE  9-51  INSTANTANEOUS  VALUES  OF  CANTILEVER  STRESSES  (AT  4.78  SEC.)  ON  UPSTREAM 
AND  DOWNSTREAM  FACES  OF  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR 
(POOL  ELEVATION  =  S27  FEET)  DUE  TO  QUAKE  2.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE  INCLUDED.  WAVE  REFLECTION  COEFFICIENT  =0.90. 

NOTE:  STRESSES  ARE  IN  P.S.I. 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  SS3dlS  “IVdIONIdd 


229 


FIGURE  9-52  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  472  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  -  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3dlS  IVdlONIdd 
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FIGURE  9-53  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  481  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


o 

<o 


CISd5  SS3dlS  IVdlONIdd 
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FIGURE  9-54  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  303  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3dlS  IVdlONIdd 
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FIGURE  9-55  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  304  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3d±S  “IVdlONIdd 
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FIGURE  9-56  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  22  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


ClSd)  SS3dlS  "IVdlDNIdd 
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FIGURE  9-57  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  149  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  SS3dlS  IVdlONiyd 
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FIGURE  9-58  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  114  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3dlS  "IVdlONIdd 
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FIGURE  9-59  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  217  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  8S3dlS  IVdIONIdd 


FIGURE  9-60  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  218  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3&1S  “IVdlDNIdd 
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FIGURE  9-61  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  227  DUE  TO 
QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  -  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  9-62  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  228  DUE  TO 
QUAKE  ! ,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET> . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SSddlS  IVdlONIdd 
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FIGURE  9-63  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  9  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


cisd)  sssais  ivdiONiad 


FIGURE  9-64  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  l  IN 
ELEMENT  9  DUE  TO  QUAKE  t,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVA¬ 
TION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


FIGURE  9-65  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  1  IN 
ELEMENT  8  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  SS3dlS  “IVdlONIdd 
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FIGURE  9-66  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  8  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CIScD  SS3dl8  IVdlONIdd 
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FIGURE  9-67  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  tO  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


<CISd>  SS3dlS  IVdlONIdd 
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FIGURE  9-68  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  56  DUE  TO  QUAKE  !,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


CISd)  SS3dlS  “IVdlONIdd 


H  J  UJ  x  H 
Ij.  Ill  3h  I — 
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IGURE  9-69  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  3  IN 
EMENT  56  DUE  TO  QUAKE  I ,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
IGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
IE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA- 
ON  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


FIGURE  9-70  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  52  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 


FIGURE  9-7!  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  3  IN 
ELEMENT  51  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-72  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  55  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-74  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  48 t  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET} 
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FIGURE  9-75  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  303  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET> . 
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FIGURE  9-76  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  304  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET> . 
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FIGURE  9-77  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  22  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEETD . 
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FIGURE  9-78  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  149  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 
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CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  9-80  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  217  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET} . 
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FIGURE  9-81  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  218  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 
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FIGURE  9-82  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  227  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 
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FIGURE  9-83  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  NODAL  POINT  228  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 
AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  -  527  FEET). 
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FIGURE  9-84  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  9  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  9-86  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  I  IN 
ELEMENT  8  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 
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FIGURE  9-87  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  8  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-88  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN 
ELEMENT  10  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-89  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  56  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-90  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  3  IN 
ELEMENT  56  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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FIGURE  9-9!  MAJOR  PRINCIPAL  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  52  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD 
WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET) . 
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CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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WAVE  REFLECTION  COEFFICIENT  = 
CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  9-95  DYNAMIC  DISPLACEMENT  (RADIAL,  VERTICAL,  AND  TANGENTIAL) 
RESPONSE  AT  DAM  CREST  NODAL  POINT  303  DUE  TO  QUAKE  I .  RESPONSE  IS 
COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESER¬ 
VOIR  CPOOL  ELEVATION  =  527  FEET).  STATIC  EFFECTS  ARE  EXCLUDED. 
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WAVE  REFLECTION  COEFFICIENT  =0.75 
CONSTANT  HYSTERETIC  DAMPING  FACTOR  =  0 
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SEISMICITY  AND  SEISMIC  INTENSITY  STUDY 
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I.  Introduction 


This  report  gives  an  analysis  of  the  seismicity  relevant  to 
design  considerations  for  Englebright  Dam,  Tuba  and  Nevada  Counties, 

In  northern  California.  The  aim  of  the  analysis  is  to  provide  recom¬ 
mendations  on  appropriate  seismic  parameters  of  design  earthquakes 
which  might  be  ejected  in  the  vicinity  of  Englebright  Dam.  The  cur¬ 
rent  requirements  of  the  Corps  of  Engineers  regarding  selection  of 
design  earthquakes  is  to  determine  an  appropriate  maximum  earthquake 
(ME)  defined  as  the  severest  earthquake  possible  at  the  site,  on  the 
basis  of  the  geological  and  selsmologlcal  evidence.  In  addition, 
attention  i6  given  to  an  operating  basis  earthquake  (OBE)  selected 
on  a  probabilistic  basis  from  the  evidence  as  being  the  maximum  likely 
to  occur  during  the  life  of  the  project.  It  is  understood  that  after 
selection  in  this  report  of  the  design  earthquake  parameters,  these 
values  will  be  applied  in  a  subsequent  study  to  select  appropriate 
ground-motion  time  histories  for  the  project. 

Englebright  Dam  was  completed  in  1941  and  is  located  on  the  Tuba 
River  about  25  miles  uortheast  of  Marysville,  California.  The  location 
of  the  reservoir  1b  shown  in  Pig.  1.  The  dam  is  a  concrete  arch  struc¬ 
ture  with  a  maximum  height  of  260  feet  and  a  length  of  1,142  feet.  An 
evaluation  report  by  the  D.S.  Army  Engineer  District,  Sacramento, 
dated  1970,  was  consulted  and  it  describes  the  dam  reservoir  and  other 
facilities. 

The  present  investigation  was  conducted  along  five  lines: 
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*)  Information  on  the  regional  and  site  geological  structures 
vas  reviewed.  In  particular,  the  broad  system  of  mapped  faults  which 
may  be  the  source  of  damaging  earthquakes  in  the  region  vas  examined 
together  with  evidence  on  regional  strain  and  the  activity  of  the  sig¬ 
nificant  faults  In  Quaternary  times. 

b)  All  available  earthquake  occurrence  data  for  the  region  were 
gathered  and  reviewed.  These  included  historical  catalogs  of  felt 
reports  and  the  modern  instrumentally-based  catalogs.  This  seismicity 
record  was  used  to  define  areas  of  earthquake  activity,  to  establish 
historic  Intensities  in  the  region,  and  to  indicate  the  likely  rate  of 
occurrence  of  the  more  intense  earthquakes  near  the  dam. 

c)  Based  on  the  above  regional  tectonic  and  seismicity  information, 
inferences  were  made  on  the  likely  location  and  size  of  earthquake 
sources  in  the  region  that  might  affect  Englebright  dam. 

d)  For  each  selected  source,  earthquake  parameters  of  engineering 
importance  were  estimated  for  the  expected  strong  ground  shaking  at  the 
dsm,  both  in  terms  of  what  is  mechanically  feasible  and  what  might  be 
probable  during  the  life  of  the  dam. 

e)  The  recommended  seismic  intensity  parameters  were  tabulated  in 
a  form  suitable  for  the  subsequent  construction  of  seismograms  of 
acceleration,  velocity  and  displacement  of  the  ground. 

Attention  has  been  given  in  the  assessments  of  the  parameters  of 
the  maximum  earthquakes  to  the  uncertainties  in  both  the  methods  of 
estimation  and  the  observational  data.  So  far  as  can  be  determined, 
Englebright  dsm  has  been  shaken  in  historical  times  by  only  one  great 
earthquake,  namely  the  1906  San  Francisco  earthquake,  produced  on  the 
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San  Andreas  fault  about  190  km  from  the  site.  No  significant  earth¬ 
quake  of  moderate  sire  intensity  has  been  known  to  occur  in  the  last 
150  years  within  50  km  of  the  site  except  the  1975  Oroville  earthquake 
(magnitude  5.7)  centered  about  30  km  to  the  northwest.  We  have  thus 
little  direct  recent  information  on  the  distribution  of  seismic  intensi¬ 
ties  near  the  dam.  Since  the  construction  of  the  dam,  however,  many 
special  studies  have  been  made  about  the  regional  geology  and  tectonic 
conditions,  in  particular  for  other  engineered  structures  along  the 
Foothill  fault  system.  As  well,  for  a  short  period  in  recent  years 
detailed  seismicity  information  has  been  forthcoming  for  the  region. 

The  basic  models  for  the  required  Intensity  assessments  are  thus  rela¬ 
tively  firm.  The  confidence  in  the  ground  motion  estimates  is  enhanced 
by  crosschecking  all  the  pieces  of  geological  and  seismological  evidence 
and  by  allowing  for  the  conditional  probabilities  and  the  estimated  life 
of  the  project.  The  results  presented  here  have  sIbo  been  crosschecked 
with  estimates  of  similar  parameters  made  Independently  in  recent  years 
in  this  region  of  northern  California  (see  References). 
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II .  Tectonic  Environment 


The  geologic  maps  of  the  region  (tee  Pig.  1)  show  that  Englebright 
Dam  It  located  in  the  western  Sierra  Nevada  foothills.  The  geological 
formations  in  the  area  consitt  of  a  complex  asseufclage  of  meta- 
sedimentary  and  metavolcanlc  rocks.  This  section  of  the  western 
Sierra  Nevada  met amorphic  belt  has  a  number  of  major  lineaments  and 
related  structures  called  generally  the  Foothills  fault  system. 

It  is  unnecessary  here  to  give  a  detailed  account  of  the  regional 
structural  geology  because  of  the  availability  to  the  Corps  of 
Engineers  of  recent  thorough  and  up-to-date  special  reports.  The  first 
is  an  extensive  study  prepared  for  the  D.S.  Army  Corps  of  Engineers  by 
Voodward  Clyde  Consultants  entitled  "Evaluation  for  Potential  for 
Earthquakes  and  Surface  Faulting,  Parks  Bar  Afterbay  Dam,  Yuba  County, 
California"  (1976).  The  Parks  Bar  Afterbay  Dam  is  only  6  km  from 
Englebright  Dam  and  a  considerable  amount  of  the  analysis  carried  out 
by  Voodward  Clyde  Consultants  applies  to  the  present  problem.  In  addi¬ 
tion,  there  is  a  useful  summary  report  by  the  Corps  of  Engineers 
entitled  "Geologic  Reconnaissance  of  the  Englebright  Dam  and  Lake 
Area"  (1982).  This  report  considers  the  regional  geology,  structural 
features,  tectonics  and  seismicity  of  the  region  adjacent  to  Englebright 
Dam.  A  summary  of  the  main  relevant  tectonic  aspects  of  these  studies 
is  now  given. 
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Englebright  Dam  is  situated  in  the  western  Sierra  Nevada  metamorphic 
belt  in  a  section  identified  as  the  Smartville  ophiolite  sequence.  The 
sequence  recurs  as  s  folded  and  faulted  block  within  the  metamorphic 
belt  and  is  northwest-trending  and  bordered  to  the  west  by  the  Browns 
Valley  Ridge  volcanics  and  to  the  asst  by  the  northern  portion  of  the 
Sierra  Nevada  batholith.  The  metamorphic  belt  consists  of  a  couples 
series  of  northwest-trending  metasedimentary  and  metavolcanic  rocks 
which  range  in  age  from  Paleozoic  to  Jurassic,  which  are  intruded  in 
turn  by  a  number  of  plutons  generally  of  Mezozoic  age.  According  to 
Clark  (1976),  the  metamorphic  belt  has  been  subjected  to  folding, 
shearing  and  faulting,  mostly  at  the  end  of  the  Jurassic  period. 

At  Englebright  Dam,  the  basement  is  metavolcanic  rocks  intruded  by 
plutonic  rocks  ranging  in  composition  from  basic  lntrusives  to  diorites. 
The  bedrock  complex  at  the  dam  i6  mainly  quartz  diorite,  metavolcanic 
rocks  and  diabase  and  metabasalt  dikes.  Available  drill  logs  show  that 
the  river  section,  lower  canyon  slopes  and  much  of  the  right  abutment 
are  underlain  mainly  by  quartz  diorite  in  the  form  of  a  massive  crystal¬ 
line  rock,  cut  by  numerous  dikes.  The  left  abutment,  and  part  of  the 
right  abutment,  i6  underlain  predominately  by  metavolcanic  rocks,  such 
as  meta-ande6lte  and  breccia  that  have  consolidated  by  compression  and 
metamorphism  into  a  dense  rock  section.  At  the  dam  Itself  published 
field  mapping  shows  that  the  rocks  are  highly  fractured  and  jointed, 
with  many  shears  and  fault  cones.  Several  narrow  fault  zones  were 
encountered  and  described  in  the  foundation  explorations.  There  is  no 
available  evidence  that  any  of  these  fault  cones  at  the  dam  itself  are 
extensive  and  have  features  that  could  be  related  to  significant 
earthquakes. 
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From  the  point  of  view  of  seismic  sources,  the  main  structural 
feature  near  Englebright  Dam  within  the  metamorphic  belt  is  the  Foothills 

fault  system.  Considerable  field  work  and  structural  analysis  of  this 
system  has  been  carried  out  in  connection  with  studies  related  to  the 
Dam  site  near  Auburn  to  the  south  and  to  the  1975  earthquake  that 
occurred  near  Oroville  Dan  to  the  north  (see  Figure  1).  The  Foothills 
fault  systen  has  two  sain  sub-systems,  the  Melone6  fault  zone  near  its 
eastern  edge  and  the  Bear  Mountain  fault  near  its  western  edge.  Engle- 
bright  Dan  is  near  the  western  portion  of  the  Foothills  fault  systen. 

In  this  section  the  fault  shear  zone  has  a  strike  with  a  similar  north¬ 
west  trend  as  that  of  the  Bear  Mountain  fault  zone  although  there  is  no 
direct  geological  evidence  of  a  structural  connection. 

The  regional  shear  zone  of  Interest  (see  Figure  2  for  simplified 
version)  is  located  about  6-1/2  km  west  of  Englebright  Dam.  The  regional 
geology  »ap  (Plate  1)  of  the  U.S.  Corps  of  Engineers  report  gives  the 
test  recent  details  concerning  the  lineaments  which  make  up  the  western 
part  of  the  Foothills  fault  zone  in  this  region.  To  the  north  is  the 
Cleveland  Hill  fault  which  showed  ground  cracking  after  the  August  1, 

1975  Oroville  earthquake.  Ground  rupture  with  displacement  of  about  5 
cms  occurred  on  the  Cleveland  Hill  fault  at  that  time.  Strong  but  dis¬ 
continuous  topographic  lineamentB  extend  southward  from  the  Cleveland 
Bill  fault  to  the  Spencevllle  lineament  zone  and  on  to  the  Bear  River 
(aee  Figure  2).  Between  the  Cleveland  Hill  fault  and  the  Yuba  River 
the  zone  as  shown  in  Plate  1  has  three  predominant  lineaments  that  have 
been  named  the  Paynes  Peak  lineament,  the  Swain  Ravine  lineament  and  the 
Prairie  Creek  lineament.  These  lineaments  continue  south  and  the  Prairie 
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Creek  and  the  Swain  Ravine  sections  have  been  extended  southwards  of 
the  Yuba  River.  Southward  projection  of  these  lineaments,  past  the 

Auburn  Dam  site  to  the  south,  finally  encounters  the  Bear  Mountain 
fault  cone  (see  Figure  1),  as  mentioned  in  the  last  paragraph. 

The  main  structural  features  of  the  main  fault  cone  described 
above  (to  the  west  of  Englebrlght  Dam)  are  a  lack  of  mechanical  conti¬ 
nuity  between  the  Cleveland  Hill  fault  and  the  point  where  the  cone  is 
truncated  by  the  Rockland  pluton,  about  30  km  south  of  Englebrlght  Dam 
(see  Figure  1).  Despite  a  great  deal  of  field  work,  no  evidence  has 
been  found  that  extended  fault  rupture  has  occurred  along  this  system. 

On  the  contrary,  there  are  no  extensive  recent  surface  morphological 
features  consistent  with  numerous  fault  slips  with  continuity  over  tens 
of  km.  (The  upper  bound  to  the  length  of  fault  available  for  rupture 
16  the  45  km  section  from  Oroville  to  the  Rockland  pluton.) 

The  intermittent  and  mechanically  disjoint  nature  of  the  fault  tone 
defined  by  the  lineaments  suggests  that  future  seismic  sources  Involving 
fault  rupture  in  thi6  rone  will  be  limited  in  linear  and  vertical  extent 
and  similar  to  the  offsets  on  the  Cleveland  Bill  fault  that  produced 
the  1975  Oroville  earthquake,  it  should  be  mentioned  that  both  fault 
plane  solutions  and  trenching  across  the  ground  cracks  associated  with 
the  Oroville  earthquake  sequence  confirm  the  predominant  normal  faulting 
mechanism  for  the  Foothills  fault  system.  Multiple  fault  displacements 
of  the  soil  layers  were  observed  with  overall  vertical  motions  of  4  to  5 
cms.  There  was  an  indication  from  the  nature  of  these  offsets  that  the 
dip-slip  observed  occurred  in  at  least  three  episodes  of  faulting  during 
the  last  5,000  to  100,000  years. 
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We  must  now  consider  more  distant  sources  of  earthquakes  that  Bight 
effect  the  site.  Fifteen  km  to  the  east  of  Englebright  Dam  the  State 
geological  map  (Jennings,  1976)  end  Plate  1  (Corps  of  Engineers,  1982) 
show  an  unnamed  northwest-trending  fault  which  passes  through  Willows  Bar 
Reservoir.  The  total  sapped  length  is  about  70  km.  Detailed  geological 
discussions  of  the  characteristics  of  this  fault  are  not  available  but 
It  can  be  considered  the  western  boundary  of  the  Melones  fault  cone  men¬ 
tioned  earlier.  Still  further  to  the  northeast  is  the  Little  Crass 
Valley  (Dogwood  Peak)  fault.  As  mapped  (see  Figure  2),  this  extends 
about  60  km  from  the  north  fork  of  the  Tuba  River  through  Little  Grass 
Valley.  The  trace  has  been  defined  by  alignments  of  side  hill  ridges, 
topographic  depressions  and  steps,  and  drainage  offsets.  It  i6  reported 
that  Pliocene  age  rocks  are  displaced  approximately  200  meters  across 
the  fault,  with  the  east  side  down.  Further  to  the  east,  the  active 
Mohawk  Valley  fault  (see  Figure  2),  situated  northeast  of  Lake  Tahoe, 
must  be  considered  because  some  geological  field  evidence  exists  for  sur¬ 
face  rupture  on  thl6  fault,  perhaps  associated  with  the  1875  earthquake  In 
that  vicinity  (maximum  epicentral  intensity  VIII).  The  strike  of  the 
Mohawk  Valley  fault  16  towards  Lake  Tahoe  and  intersects  an  area  in  which 
short  faults  are  mapped  as  having  Quaternary  fault  displacement  without 
any  historic  record  of  surface  offsets.  This  source  region  to  the  east 
and  the  northeast  Is  at  a  distance  exceeding  BO  km  from  the  Englebright  Dam. 

Finally,  mention  must  be  made  of  the  effect  of  a  repetition  of  a  1906 
earthquake  due  to  rupture  on  the  San  Andreas  fault  to  the  west  of  the 
Englebright  Dam.  The  San  Andreas  fault  la  about  200  km  from  the  dam 
site  and  the  intensity  reported  in  1906  in  the  vicinity  was  only  IV  to 
V  on  the  Modified  Mercalll  Scale. 
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III.  Seismicity  of  the  Region 


A  complete  listing  of  the  seismicity  for  the  region  since  the  his¬ 
torical  records  began  was  obtained  using  the  computer  program  RETRIEVE 
st  the  Seismographic  Station,  University  of  California,  Berkeley.  The 
list  contains  all  relevant  historical  Information  from  the  Townley  and 
Allen  catalog  (1939)  snd  instrumental  locations  of  earthquakes  given  in 
the  Bulletin  of  the  Seismographic  Stations  up  to  1980  (see  Bolt  and 
Miller,  1971).  A  subset  of  this  data  for  distances  within  130  km  of 
the  site  for  the  period  6/6/1934  to  3/31/1982  is  attached  to  this 
report  as  Appendix  1.  The  subset  is  of  particular  value  because  after 
1934  instrumental  locations  were  made  with  an  attempt  at  uniformity  using 
the  existing  seismographic  stations  of  the  University  of  California.  The 
earlier  historical  data  are  based  on  intensities  for  the  region,  are 
sparse  and  are  very  likely  incomplete  especially  for  parts  of  northern 
California  away  from  well  populated  areas.  For  this  reason  the  informa¬ 
tion  of  the  nineteenth  century  is  of  limited  value  for  the  region.  An 
Important  reassessment  of  the  historical  earthquake  information  has  been 
given  recently  by  Real,  Topparada  and  Parke  (1978)  and  this  catalog  was 
also  consulted.  In  addition,  a  summary  of  the  seismicity  affecting  the 
region  around  the  project  may  be  found  in  the  Woodward  Clyde  Consultants 
report  on  the  "Parks  Bar  Afterbay  Dam"  for  the  U.S.  Army  Corps  of  Engineers 
(1976).  Plots  of  the  significant  seismicity  from  the  various  sources 
are  given  In  Figure  2. 

The  earthquake  catalogs  show  that  the  adjacent  region  along  the 
western  foothills  of  the  Sierra  Nevada  is  of  low  seismicity,  but  never¬ 
theless  small  earthquakes  occur  on  an  infrequent  basis. 
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Id  referring  to  the  seismicity  lists  (Appendix  A)  end  the  seismicity 
asps  (see  Figure  2)  it  should  be  understood  that  many  Intensities  from 
historical  earthquakes  may  refer  to  earthquakes  with  fault  rupture  sources 
well  sway  from  the  vicinity  of  Englebrlght  Dam  and  are  merely  felt  or 
damage  reports  from  the  town  or  village  within  the  immediate  geographical 
region. 

With  this  In  mind,  since  1850  there  have  been  about  10  historical 
earthquakes  having  intensities  MM  VI  to  VIII  within  60  km  of  Englebrlght 
Dam,  but  In  no  case  is  there  any  Identification  of  Holocene  faulting 
along  the  western  Foothills  fault  system  associated  with  any  of  these 
pre-1934  earthquakes.  A  number  of  these  seismic  intensities  were 
reported  from  the  Grass  Valley-Nevada  City  area  and  from  Downieville 
(see  Figure  2). 

The  closest  moderate  size  earthquakes  to  have  occurred  within  100 
km  of  Englebrlght  Dam  since  the  instrumental  record  began  are  listed 
in  Appendix  A.  Of  these,  the  only  ones  of  magnitude  5  or  over  that 
occurred  within  50  km  were  part  of  the  Oroville  earthquake  sequence  of 
August,  1975  in  which  the  main  shock  had  Richter  magnitude  5.7.  As 
already  mentioned  in  Section  II,  the  earthquake  was  produced  by  rupture 
of  the  Cleveland  Hill  fault  at  a  distance  of  about  30  km  northwest  of 
Englebrlght  Dam.  The  fault  mechanism  was  oblique  slip,  with  both  normal 
and  right-lateral  components  and  displacements.  The  focal  depth  of  the 
main  shock  was  approximately  5  km  and  the  faulting  was  normal,  with  the 
west  side  down  with  a  dip  of  about  60*. 

In  eunmary,  few  earthquakes  of  even  small  magnitude  have  been 
detected  In  the  last  few  decades  along  adjacent  segments  of  the  Melones 
and  Bear  Mountain  fault  tones  by  sensitive  seismograph  stations  at 
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Oroville  and  Jamestown.  Some  special  installations  of  stations  sear 
the  Rockland  pluton  (see  Figure  1)  about  50  km  to  the  aouth  have  indi¬ 
cated  a  number  of  small  earthquakes  and  microearthquakeB  (magnitude 
of  3  and  less)  in  the  vicinity  of  the  pluton.  As  Figure  2  demonstrates, 
scrutiny  of  the  whole  historical  record,  going  back  to  1850,  or  about  130 
years,  leads  to  the  conclusion  that  while  the  Foothills  fault  system 
should  be  regarded  as  seismlcally  active,  the  occurrence  rate  of  earth¬ 
quakes  is  low  and  that  the  size  of  earthquakes  is  limited  along  it. 

The  typical  rate  is  probably  close  to  the  observation  that  no  more  than 
2  to  5  earthquakes  of  magnitude  5  to  6  occurred  in  the  northern  part 
of  the  Foothills  fault  system  in  130  years.  The  greatest  instrumentally 
determined  magnitude  to  be  determined  in  the  same  tectonic  region  in 
50  years  was  5.7  for  the  1975  Oroville  earthquake. 
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IV.  Effective  Seismic  Sources 


The  Joint  analyses  of  tectonic  and  seismicity  information  in  Sections 
II  and  III  leads  to  the  definition  of  the  fault  systems  that  aTe  capable 
of  producing  significant  strong  ground  motion  at  Englebright  Dam. 

Of  the  various  relevant  fault  systems  discussed  in  Section  II  we 
find  that  a  set  of  four  only  are  quite  adequate  to  cover  all  reasonable 
probabilities  of  significant  intensities.  These  cases  are  set  out  in 
Table  1. 

First,  the  Cleveland  Rills  fault  (Figure  1)  16  taken  to  represent 
the  western  Foothills  tone  of  tectonic  lineaments  shown  in  Figure  1. 

More  explicitly,  on  the  side  of  assessing  the  larger  plausible  intensi¬ 
ties  we  identify  this  seismic  source  with  the  Swain  Ravine  lineament 
at  its  section  of  closest  approach  to  Englebright  Dam.  (Detail  is 
available  in  Plate  1,  Corps  of  Engineers,  1982).  Faulting  on  such  a 
section  is  likely  to  be  predominately  normal  dip-slip.  A  plausible  length 
of  rupture  is  taken  as  25  km  or  about  half  the  total  distance  along  the 
fault  sone  from  Orovllle  to  the  Rocklin  Pluton.  Such  fault  rupture 
lengths,  accompanied  by  20  to  30  cm  of  fault  slip  have  been  correlated 
with  actual  earthquakes  of  magnitude  6.0  to  6.25  (see  Bonilla,  1970). 
Although  such  estimates  have  considerable  uncertainty  the  numerical 
values  taken  above  are  all  higher  than  might  be  expected  on  the  average. 

Secondly,  the  Little  Grass  Valley  fault  (Figure  2)  is  adopted  as  a 
aectlon  of  the  Melones  fault  sone  (to  the  east  of  Englebright  Dam)  where 
a  significant  earthquake  source  might  plausibly  occur.  In  Table  1,  the 
fault  rupture  is  assumed  to  be  centered  25  km  from  the  dam  and  a  15-km 
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length  1b  assumed  to  rupture  In  one  dislocation.  By  a  similar  argu¬ 
ment  as  above,  i.e.  correlation  with  similar  earthquakes  studied  in 
the  field,  the  event  would  correspond  to  an  earthquake  with  magnitude 
up  to  about  6.0.  If  a  portion  of  the  Melones  fault  cone,  nearer  to 
Englebrlght  Bam  (see  Figure  2)  than  the  tone  in  Table  1  contained  the 
seismic  source  (on  the  evidence  discussed  earlier  a  highly  unlikely 
event) ,  then  the  case  would  approach  that  already  accounted  for  the 
Cleveland  Bills  fault. 

For  completeness,  two  more  remote  seismic  sources  are  listed  in 
Table  1.  Both  the  Mohawk  Valley  fault  and  the  San  Andreas  fault  are 
capable  of  producing  moderate  to  large  earthquakes  in  the  next  few 
decades  so  that  the  resulting  ground  motion  at  Englebrlght  Dam  must 
be  considered.  At  distances  of  90  km  and  200  1cm,  respectively,  however, 
even  the  maximum  sire  earthquakes  mechanically  feasible  on  these  faults 
would  produce  very  small  seismic  wave  amplitudes  at  the  dam.  The 
numerical  estimates  of  these  wave  parameters  are  discussed  in  the 
next  section  (see  Table  2). 
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Table  1 


Major  Regional  Faults  and  Significance  for  Strong  >fc>tlon 

Earthquake  Generation 


Maine 

Distance 

from  Dam 
(km) 

Type 

Length 

(km) 

Activity 
in  Project 
Life 

Recurrence 

Interval 

Cleveland  Hills 
fault  (Swain 

Ravine  Lineament) 

6.5 

Normal 

25 

Yes 

Holocene 

(historic) 

Little  Grass 

Valley  fault 
(Melones  fault 
zone) 

25 

Normal 

15 

? 

Quaternary 

Mohawk  Valley 
fault 

90 

Dip-slip 

50 

Yes 

Holocene 

San  Andreas 
fault 

200 

Strike-slip  1000 

Yes 

Historic 
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V.  Intensity  Parameters  KeaT  the  Site 


The  discussion  of  the  tectonics,  seismicity  and  faults  in  the 
region  set  out  In  the  previous  sections  new  permit  estimates  to  be 
Bade  of  appropriate  ground  motion  intensities  likely  near  Englebright 
Dam>  These  assessments  are  to  be  Bade  within  the  terms  of  reference 
set  out  in  Section  X. 

In  the  first  place,  the  arguments  have  greatly  reduced  the  nunber 
of  fault  sources  aost  likely  to  give  significant  shaking  at  Englebright 
Dam.  By  a  process  of  elimination,  summarised  in  Table  1,  ve  have 
arrived  at  four  seismic  sources  for  consideration  as  listed  in  Table  2. 

They  are,  in  order  of  distance  from  the  dam:  Cleveland  Hills  fault. 

Little  Grass  Valley  fault,  Mohawk  Valley  fault  and  the  San  Andreas  fault. 
The  evidence  i6  that  significant  earthquakes  may  occur  along  each  of  these 
faults  in  the  next  50  to  100  years. 

For  the  nearer  faults,  the  strongest  evidence  Is  for  activity  on 
the  Cleveland  Hills  fault  or  a  related  extension  to  the  south  (see  the 
last  section).  In  particular,  historically,  a  moderate  earthquake 
(magnitude  5.7)  occurred  in  1975  near  Orovllle  due  to  slip  on  a  fault 
In  this  western  fault  sone.  Its  occurrence  and  site  provide  a  calibra¬ 
tion  for  the  intensity  of  the  area.  It  should  be  mentioned  that  the 
peak  horitontal  acceleration  measured  in  the  1975  earthquake  was  recorded 
near  Orovllle  Dam  at  a  value  of  O.llg.  Therefore,  a  repetition  of  the 
Orovllle  earthquake  on  lineaments  5  to  10  km  to  the  west  of  Englebright 
Dam  is  not  likely  to  be  of  much  engineering  significance,  but  the  obser¬ 
vation  does  suggest  a  lower  bound,  which  is  based  on  actual  field  measure¬ 
ments  in  the  same  tectonic  environment. 
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Table  2 


Estimated  Site  Motion  Parameters 


Source 

Location 

Distance 
from  Dam 
(km) 

Predicted 

Maximum 

Magnitude 

(ME) 

Predicted 

Maximum 

Probable 

Earthquake 

(OBE) 

Horizontal 

Peak  (Mean) 
Acceleration 
at  Dam  (Rock) 
(freq  8  Hz) 

Duration 
at  Dam 
(sec) 

(Acc  0.05r) 

Cleveland 
Bills  fault 

6.5 

6.25-6.5 

6.0 

.AOg 

15 

Little  Grass 

25 

6.0 

5.5 

•  20g 

10 

Valley  fault 
(Melones 
fault  tone) 


Mohawk  Valley 
fault 

90 

7.0 

6.5 

•  10g 

10 

San  Andreas 

200 

8.3 

6.3 

•  02g 

4 

fault 


ME  -  Maximum  Earthquake  -  defined  a6  the  severest  earthquake  possible 

at  the  site,  on  the  basis  of  the  geological 
and  selsmological  evidence. 

OBE  -  Operating  Basis  Earthquake  -  defined  as  being  the  maximum  likely 

to  occur  during  the  life  of  the 
project. 
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For  the  present  rather  stringent  requirements  a  maximum  earthquake 
of  6.25-6.5  has  been  Inferred  for  this  near  source  (see  Section  IV). 

At  what  la  probably  the  nearest  source  distance  feasible  (about  6.5  km) 
measured  horizontal  ground  accelerations  in  such  a  case  of  about  0.40g 
might  be  expected.  (Because  random  high  frequency  "spikes"  of  ground 
motion  sometimes  are  observed  on  accelerograms  in  the  near  field  the 
acceleration  values  in  Table  2  refer  to  seismic  waves  with  frequencies 
of  8  Hz  and  leas.)  This  value  is  consistent  with  values  tabulated  in 
various  studies  (e.g.  Schnabel  and  Seed,  1973;  Boore  et  al.,  1980). 
Because  of  the  geological  nature  of  the  basement  rock  at  the  Englebright 
Dam  site  it  is  not  expected  that  the  spectrum  for  the  ground  accelera¬ 
tion  will  be  unusually  rich  in  high  frequencies.  The  bracketed  duration 
of  this  motion  is  likely  to  be  about  15  sec  (Bolt,  1973). 

Similar  correlations  have  been  made  with  the  other  effective  sources 
in  Table  3.  Each  is  more  remote  than  the  case  treated  above,  so  atten¬ 
uation  and  geometrical  spreading  of  the  seismic  waves  Is  important  in 
these  cases.  It  can  be  seen  that  the  alternative  regional  source 
(Little  Grass  Valley  fault  to  the  east  of  the  dam)  yields  less  intense 
shaking  than  the  western  source.  Its  effect  16  therefore  included  in 
the  first  case  and  we  can  disregard  it  in  the  final  recommendation 
of  predicted  ground  motion. 

The  Hohavk  Valley  and  San  Andreas  fault  sources  are  so  remote  that 
even  with  maximum  fault  rupture  intensities  at  Englebright  Dam  they  are 
clearly  Inconsequential  compared  with  the  near  source  case. 
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VI.  Summary  of  Conclusions  and  Recommendations 

The  estimates  given  in  the  lest  section  proceeded  by  arguing  in 
stages  from  the  broad  regional  tectonics  successively  back  to  the  local 
conditions  close  to  Englebright  Dam.  This  procedure  led  to  the  estab¬ 
lishment  of  design  ground  motion  parameters  that  can  be  adopted  with 
considerable  confidence.  The  reason  Is  that,  in  this  case,  a  moderate 
earthquake  cannot  be  ruled  out  for  a  fault  source  from  6  to  10  km  away 
from  Englebright  Dam.  As  it  turns  out,  more  remote  sources  with  some 
reasonable  likelihood  of  activity  within  100  km  of  the  project  would 
generate  less  severe  ground  shaking  at  the  project  (see  Table  2). 

What  has  emerged  from  the  assessment,  therefore,  is  a  single  design 
maximum  earthquake.  The  earthquake  is  taken  to  be  generated  by  sudden 
slip  (predominantly  normal  faulting)  along  a  southern  extension  of  what 
has  been  mapped  as  the  Cleveland  Hill  fault  (or  a  related  fault,  per¬ 
haps  part  of  the  Swain  Ravine  lineament)  to  the  west  of  the  reservoir. 

The  magnitude  of  this  maximum  earthquake  is  about  •  6.25  to  6.5.  It 

must  be  stressed,  however,  that  the  geological  and  selsmologlcal  evidence 
indicates  that  an  earthquake  of  this  magnitude  is  very  unlikely  within  the 
lifetime  of  the  dam  and  its  adoption  would  provide  an  upper  bound  to 
feasible  ground  motions  for  engineering  analysis.  In  my  assessment,  the 
maximum  probable  magnitude  for  an  earthquake  centered  as  close  as  10  km 
from  the  dam  in  the  next  50  to  100  years  is  no  more  than  about  6.0.  Other 
active  faults  with  significantly  more  frequent  slip  are  located  to  the 
west  at  a  distance  of  over  90  km;  seismic  wave  damping  over  such  distances 
ensures  that  the  ground  motions  at  ftiglebright  Dam  for  even  the  largest 
earthquakes  on  these  presently  active  faults  would  not  exceed  about  O.lg. 
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Recommendations  for  site  motion  parameters  associated  with  the 
maximum  earthquake  on  the  Cleveland  Hill  fault  near  the  reservoir  are 
as  follows:  For  frequencies  of  8  Hz  or  less,  a  mean  peak  horizontal 
acceleration  of  0.40g  and  a  bracketed  duration  of  20  aec.  It  is  fur¬ 
ther  recommended  that  the  time  history  should  contain  a  longer  period 
pulse  of  the  type  observed  on  accelerograms  near  to  rupturing  faults. 
This  pulse  is  associated  with  the  fling  of  the  fault  rebound.  The 
ground  motion  velocity  associated  with  this  pulse  should  be  about  30 
cm/sec  (see  Boore  et  al.,  1980). 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Regional  map  ehovlng  Englebright  Dam  and  generalised 
faults  and  lineaments  In  the  region  of  Englebright  Dam 
(after  Woodward-Clyde,  1976).  Position  of  reservoir 
ahown  by  arrow. 

Map  of  relevant  fault  cones  and  epicenters  of  known 
earthquakes,  magnitude  3.0  or  greater,  within  50  km  of 
dam  site.  (See  Appendix  A  for  detailed  list.)  (Map 
taken  from  Woodward-Clyde  Consultants,  1976  -  for  P.G.&E.) 
Position  of  reservoir  shown  as  large  full  circle. 


APPENDIX  1 


Seismicity  within  100  km  of  the  site  (6/6/1934  to  3/31/82). 
Magnitude  greater  or  equal  to  3.5.  Hypocenters  are  computed  using 
readings  at  Seismographic  Stations  of  the  University  of  California, 
Berkeley  and  selected  other  stations  as  appropriate.  The  list  Is 
in  the  fora  of  a  computer  print  out  from  a  aaster  file  kept  on 
magnetic  tape  at  the  Selsmographlc  Stations,  University  of 
California,  Berkeley. 
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APPENDIX  B 


SELECTION  OF  ACCELEROGRAMS  FOR  SEISMIC  SAFETY  EVALUATION 
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Selection  of  Accelerograms  for  Seismic  Safety  Evaluation 
of  Englebright  Dam,  California 
by 

H.  Bolton  Seed 

The  Englebright  Dam,  completed  in  1941,  is  located  on  the  Yuba  River 
about  25  miles  northeast  of  Marysville,  California.  The  dam  is  a  concrete 
arch  structure  with  a  maximum  height  of  260  ft  and  a  length  of  about 
1,140  ft. 

A  report  on  the  seismicity  of  the  area  in  which  the  dam  is  located 
entitled  "Seismicity  and  Seismic  Intensity  Study,  Englebright  Dam,  California" 
has  been  prepared  for  the  Sacramento  District,  Corps  of  Engineers  by 
Dr.  Bruce  A.  Bolt.  This  report  concludes  that  the  maximum  earthquake  for 
which  the  safety  of  the  dam  should  be  evaluated  is  a  Magnitude  M  =  6-1/4 
to  6-1/2  event  occurring  at  a  distance  of  6  to  10  kms  from  the  dam  along 
a  southern  extension  of  what  has  been  mapped  as  the  Cleveland  Hill  fault 
(or  a  related  fault,  perhaps  part  of  the  Swain  Ravine  lineament).  The 
report  stresses  however  "that  the  geological  and  seismological  evidence 
indicates  that  an  earthquake  of  this  magnitude  is  very  unlikely  within  the 
lifetime  of  the  dam  and  its  adoption  would  provide  an  upper  bound  to 
feasible  ground  motions  for  engineering  analysis." 

Based  on  this  recommendation,  two  accelerograms  representative  of  this 
type  of  event  have  been  developed  for  use  in  engineering  studies  of  the  dam. 
These  accelerograms  are  designated: 

M6.5  -  8K  -  83  This  accelerogram  is  representative  of  the  84-percentile 
level  of  ground  motions  which  could  be  expected  to  occur 
at  a  rock  outcrop  as  a  result  of  a  Magnitude  6-1/2 
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earthquake  occurring  6  to  10  kms  from  the  site.  It 
has  the  following  characteristics: 

Peak  acceleration  =  0.5g 
Peak  velocity  =  37.5  cm/sec 
Duration  =  18  sec 

M6.4  -  8K  -  83  This  accelerogram  is  representative  of  the  84- 

percentile  level  of  ground  motions  which  could  be 
expected  to  occur  at  a  rock  outcrop  as  a  result  of  a 
Magnitude  6.4  earthquake  occurring  6  to  10  kms  from 
the  site.  It  has  the  following  characteristics : 

Peak  acceleration  =  0.5g 
Peak  velocity  =  41.5  cm/sec 
Duration  =  16  sec 


Plots  of  acceleration  and  velocity  as  a  function  of  time  for  these 
accelerograms  are  attached,  together  with  acceleration  response  spectra 
for  the  motions  plotted  for  a  damping  ratio  of  0.05. 

Card  decks  for  the  motions  are  being  sent  to  the  office  of  the 
Sacramento  District,  Corps  of  Engineers,  by  separate  mail. 
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ACCELERATION  TIME  HISTORY 


2.00 
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PLOT  OF  ACCELERATION  RESPONSE  SPECTRUM 
M6.5  -  8K  -  83 


00'2 
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VELOCITY  TIME  HISTORY 


2.00 


312 


PLOT  OF  ACCELERATION  RESPONSE  SPECTR 
M6.4  -  8K  -  83 


APPENDIX  C 

JULY  12,  1985  LETTER  BY  DR.  BOLT  AND  DR.  SEED 
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Sacramento  District,  Corps  of  Engineers 
Engineering  Division,  Civil  Design  Branch 
650  Capital  Mall 
Sacramento,  CA  95814-4794 

Attention:  Mrs.  Susan  Kristoff 

In  accordance  with  the  requirements  of  Purchase  Orders  Nos.  DACW05- 
85-P-2200  and  DACW08-85-P-2194  the  undersigned  have  reviewed  the  conditions 
at  the  site  of  the  proposed  Englebright  Dam  for  the  purpose  of  determining: 

1.  Appropriate  accelerograms  for  use  in  the  analysis  of  the  dam  for 
motions  normal  to  the  axis  of  the  dam,  parallel  to  the  axis  of  the 
dam  and  in  the  vertical  direction; 

and  2.  Recommendations  concerning  the  possible  effects  of  topography  on 

the  characteristics  of  the  design  motions  which  should  be  considered 
to  act  at  the  base  of  the  dam. 

In  a  previous  report,  Professor  Bolt  had  recommended  that  an  appropriate 
characterization  of  the  safety  evaluation  earthquake  for  this  project  would 
be  a  Magnitude  M^  =  6%  to  6%  event  occurring  at  a  distance  of  about  8  kms 
from  the  site,  recognizing  that  "the  geologic  and  seismologic  evidence 
indicates  that  an  earthquake  with  this  magnitude  is  very  unlikely  within 
the  lifetime  of  the  dam  and  its  adoption  would  provide  an  upper  bound  to 
feasible  ground  motions  for  engineering  analysis". 

Based  on  this  recommendation.  Professor  Seed  recommended  two  design 
accelerograms,  both  intended  to  represent  the  84th  percentile  level  of 
ground  motions  from  a  magnitude  6 h  event  occurring  at  a  distance  of  8  kms. 
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These  motions  were  designated: 


M  6.5  -  8K  -  83 


and  M  6.4  -  8K  -  83 


respectively.  Both  accelerograms  had  a  peak  ground  acceleration  of  0.5g, 
a  peak  velocity  in  the  range  37  to  42  cm/sec  and  a  duration  of  shaking  of 
about  16  seconds. 

They  were  intended  to  provide  an  appropriately  conservative  description 
of  the  free-field  motions  which  the  dam  should  be  designed  to  withstand  for 
earthquake  shaking  in  a  direction  normal  to  the  axis  of  the  dam. 

Since  ground  motions  during  any  earthquake  are  more  appropriately 
described  by  three  components  of  earthquake  shaking  and  such  motions  can 
be  accommodated  in  analyses  of  structural  response,  it  is  now  desired  to 
extend  the  previous  work  to  include  recommendations  for  motions  developed 
simultaneously  in  three  directions: 

(1)  normal  to  the  axis  of  the  dam 

(2)  along  the  axis  of  the  dam 

(3)  vertical  motions. 

Studies  of  earthquake  motions  conducted  for  the  purpose  of  evaluating 
the  simultaneous  effects  of  three  components  of  motion  have  been  described 
by  Shoja-Taheri  and  Bolt  (1977).  Based  on  the  results  of  these  studies 
and  the  writers'  knowledge  of  the  characteristics  of  earthquake  ground 
motions,  we  would  recommend  the  use  of  the  following  accelerograms  for 
evaluating  the  effects  of  multi-directional  shaking  in  the  analysis  of 
Englebright  Dam: 


1.  Analyses  using  the  motion  M6.5  -  8K  -  83  in  a  direction  normal  to 


the  axis  of  the  dam 

In  conjunction  with  this  accelerogram  for  motions  developed  in  a 
direction  normal  to  the  axis  we  would  propose  that  the  two  complementary 
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components  of  motion  be  determined  as  follows: 

(a)  The  accelerogram  for  motions  parallel  to  the  axis  should  be  taken  to 
be  the  same  as  that  for  the  motions  normal  to  the  axis  but  with  a 
phase  shift  in  the  motions  corresponding  to  a  time  interval  of  0.45 
seconds;  i.e.  the  accelerogram  would  be  the  same  as  M6.5  -  8K  -  83 
but  it  would  be  considered  to  start  in  a  direction  parallel  to  the 
axis  0.45  seconds  later  than  the  start  of  the  accelerogram  for  motions 
acting  in  a  direction  normal  to  the  axis. 

(b)  The  accelerogram  for  vertical  motions  would  be  the  same  as  the 

M6.4  -  8K  -  83  accelerogram  but  the  frequency  of  the  motions  would  be 
increased  by  a  factor  of  1.5  and  the  amplitudes  would  be  reduced  by  a 
scaling  factor  of  0.5. 

2.  Analyses  using  the  motion  M6.4  -  8K  -  83  in  a  direction  normal  to  the 
axis  of  the  dam 

In  analyses  using  this  accelerogram  for  motions  developed  in  a  direction 
normal  to  the  axis,  we  propose  that  the  complementary  components  of  motion 
be  determined  as  follows: 

(a)  The  accelerogram  for  motions  parallel  to  the  axis  should  be  taken  to 
be  the  same  as  the  motions  normal  to  the  axis  but  with  a  phase  shift 
in  the  motions  corresponding  to  a  time  interval  of  0.5  seconds,  i.e. 
the  accelerogram  would  be  the  same  as  M6.4  -  8K  -  83  but  it  would  be 
considered  to  start  in  a  direction  parallel  to  the  axis  0.5  seconds 
later  than  the  start  of  the  accelerogram  for  motions  in  a  direction 
normal  to  the  axis. 

(b)  The  accelerogram  for  vertical  motions  would  be  the  same  as  the 
M6.4  -  8K  -  83  accelerogram  but  the  frequency  of  the  motions  would 
be  increased  by  a  factor  of  1.5  and  the  amplitudes  would  be  reduced 
by  a  scaling  factor  of  0.5. 
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With  regard  to  the  possibility  of  topographic  effects  on  the  amplitudes 
of  rock  motions  in  the  abutments,  we  do  not  consider  that  such  effects  are 
likely  to  be  significant  for  the  topographic  changes  associated  with  the 
abutments  of  this  dam.  Accordingly  we  recommend  that  the  same  time  his¬ 
tories  of  rock  motions  be  applied  to  all  points  of  the  base.  However  it 
might  be  desirable  to  consider  the  possibility  of  travelling  wave  effects 
along  the  base  of  the  dam  in  performing  the  dynamic  response  analyses. 

In  this  case  we  would  suggest  that  differential  motions  along  the  base 
should  correspond  to  an  effective  velocity  of  wave  motions  of  about 
10,000  fps. 

Finally  we  note  that  the  accelerograms  described  above  are  intended 
to  describe  the  free-field  motions  for  the  Safety  Evaluation  Earthquake 
for  this  site  and  these  are  not  necessarily  the  same  as  the  design  earth¬ 
quake  motions. 

We  trust  these  recommendations  are  responsive  to  your  needs.  We  will 
be  pleased  to  meet  with  you  for  further  discussion  if  you  so  desire. 

Sincerely  yours. 


Bruce  A.  Bolt 


(]}  &(A Jvnaj 


H.  Bolton  Seed 


317 


APPENDIX  D 


CONCRETE  AND  FOUNDATION  ROCK  TEST  DATA 


318 


TABLE  0-1:  ENGLEBRIGHT  DAM  STATIC  LOAD  TEST  DATA 
FROM  THE  CORPS  OF  ENGINEERS 


Sample 

Number 

Compressive 
Strength,  psi 

Tensile 
Strength  ,  psi 

Modulus  of 

Elasticity,  xIOOO  ksi 

Poisson ' s 
Rat  io 

1  C-A 

SSOO 

- 

5.28 

.150 

B 

5800 

510 

5.30 

.137 

C 

G350 

652 

4.89 

.145 

D 

5880 

526 

4. 14 

.106 

E 

5760 

558 

3.69 

.120 

F 

6310 

- 

4.16 

.134 

G 

8650 

540 

5.32 

.154 

L 

7760 

665 

4.60 

.148 

M 

- 

488 

- 

- 

N 

7570 

603 

4.85 

.  130 

P 

4780 

- 

3.36 

.193 

Q 

6510 

- 

4.01 

.135 

W 

5220 

721 

6.68 

.192 

Z 

- 

628 

- 

- 

cc 

7710 

679 

5.42 

.132 
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TABLE  D-2:  ENGLEBRIGHT  DAM  RAPID  COMPRESSION  TEST  DATA 
FROM  U.S.  BUREAU  OF  RECLAMATION 


Specimen 

identification 

Di  ameter 
(in) 

Length 

(in) 

Length 
di ameter 

T  ime 
(ms) 

Lo  ad 
(lb) 

Cross- 
sectional 
area  ( i n 2 ) 

Compressive 

strength 

(lb/in?) 

IC-A1 

5.88 

12.03 

2.05 

75.0 

195,725 

27.15 

7,208 

IC-BBl 

5.90 

11.90 

2.02 

67.2 

222,284 

27.34 

8,130 

IC-F 

5.89 

11.78 

2.00 

68.4 

131,164 

27.25 

4,814 

IC-G1 

5.91 

11.80 

2.00 

68.5 

171,617 

27.43 

6,256 

IC-G2 

5.91 

11.36 

1.92 

78.0 

245,984 

27.43 

*8,931 

IC-I1 

5.91 

12.15 

2.06 

71.0 

183,058 

27.43 

6,673 

IC-I2 

5.91 

12.04 

2.04 

80.2 

190,843 

27.43 

6,957 

IC-J1 

5.90 

11.86 

2.01 

62.2 

152,820 

27.34 

5,590 

IC-J2 

5.89 

11.94 

2.03 

64.5 

172,862 

27.25 

6,344 

IC-K 

5.90 

12.08 

2.05 

80.1 

212,093 

27.34 

7,758 

IC-M1 

5.88 

12.00 

2.04 

70.5 

164,670 

27.15 

6,064 

IC-0 

5.89 

12.08 

2.05 

60.3 

152,430 

27.25 

5,594 

IC-R1 

5.89 

12.11 

2.06 

55.3 

146,691 

27.25 

5,384  i 

IC-S1 

5.88 

11.92 

2.03 

62.9 

194,521 

27.15 

7,163 

IC-U1 

5.87 

12.00 

2.04 

74.7 

198,585 

27.06 

7,338 

IC-V1 

5.91 

11.82 

2.00 

62.1 

158,541 

27.43 

5,779 

IC-V2 

5.90 

12.06 

2.04 

76.7 

164,262 

27.34 

6,008 

IC-X1 

5.92 

12.16 

2.05 

56.3 

188,778 

27.53 

6,858 

IC-Z1 

5.91 

11.87 

2.01 

68.5 

213,295 

27.43 

7,775 

Average 

6,664 

*  Corrected  for  L/d  <2.00. 


TABLE  D-3:  ENGLEBRIGHT  DAM  RAPID  SPLITTING  TENSION  TEST  DATA 
FROM  U.S.  BUREAU  OF  RECLAMATION 


Specimen 
identi f ication 

Di  ameter 
(in) 

Length 

(in) 

Time 

(ms) 

Load 

(lb) 

Tensile 

strength 

(lb/in2) 

IC-AA1 

5.89 

11.91 

72.7 

62,144 

564 

IC-BB2 

5.90 

12.07 

72.5 

78,090 

698 

IC-DD1 

5.89 

12.00 

74.0 

64,768 

583 

IC-DD2 

5.89 

12.07 

50.9 

49,630 

444 

IC-G 

5.90 

12.15 

54.0 

91,613 

814 

IC-H1 

5.83 

11.81 

57.1 

62,346 

572 

IC-H2 

5.85 

11.75 

59.9 

59,318 

549 

IC-K 

5.89 

12.22 

77.3 

58,713 

519 

IC-M2 

5.89 

11.94 

61.4 

59,924 

542 

IC-R2 

5.89 

12.27 

45.1 

62,951 

554 

IC-S2 

5.89 

12.18 

69.2 

72,438 

643 

IC-T 

5.90 

12.00 

81.9 

67,998 

611 

IC-U2 

5.88 

11.59 

84.5 

62,548 

584 

IC-Y 

5.89 

11.89 

56.3 

68,199 

620 

IC-Z2 

5.89 

10.97 

65.2 

49,630 

489 

Average 

586 
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TABLE  D-5 :  COMPARISON  BETWEEN  STATIC  LOAD  TEST  DATA  (COE) 
AND  RAPID  LOAD  TEST  DATA  (USBR)  OF  ENGLEBRIGHT  DAM 


STATIC  LOAD  TESTS  (SPD  LAB) 

RAPID  LOAD  TESTS  (USBR  LAB) 

PARAMETER 

807. 

STANDARD 

807. 

STANDARD 

TEST 

MEAN 

EXCEEDANCE 

DEVIATION 

MEAN 

EXCEEDANCE 

DEVIATION 

COMPRESSIVE 

STRENGTH 

6530  psi 

5600  psi 

1110  psi 

6660  psi 

5770  psi 

1060  psi 

SPLITTING 

TENSILE 

STRENGTH 

597  psi 

532  psi 

77.3  psi 

585  psi 

509  psi 

90  psi 

CHORD 

MODULUS  OF 
ELASTICITY 

4.75X106psi 

0.888X10*psi 

b 

4.63X10  psi 

6 

0.596X10  psi 

POISSON’S 

RATIO 

0.14 

.025  psi 

0.21 

0.06 
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TABLE  D-6:  SUMMARY  OF  ENGLEBRIGHT  DAM  NX  ROCK  CORE  TESTING 
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APPENDIX  E 

ADDITIONAL  EARTHQUAKE  RESPONSE  RESULTS 


PRINCIPAL  STRESS  CANTILEVER  STRESS  ARCH  STRESS 


TAWJE  E- 1 : SUMMARY  OF  THE  FIRST  FIVE  PEAK  TENSILE  STRESSES*,  (IN  DESCENDIN 
RESPONSE,  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCKxWITH  FULL  RES 
HYDROSTATIC  PRESSURE  ARE  INCLUDED.  X 

1  "  1  1  »  . . . . .  ■  •  ■  iA;  ~  ~  i  i  ■  ■  •  ■  • 


QUAKE  1 

CASE  1 
v.  —  O.IO 
or  =1.00 

CASE  2 

V  =  0.10 
a  =  0.90 

CASE  3 

n  =  0.10 

«  -  0.75 

\  CASI 

. . V" 

DAM  ELEMENT 
NUMBER 

9 

9 

8 

8 

9 

9 

9 

8 

8 

9 

9 

9 

8 

9 

9 

9 

fl 

e 

mu 

n 

1 

1 

1 

3 

fl 

1 

1 

fl 

3 

B 

1 

fl 

3 

2 

fl 

1 

PEAK  TENSILE 
STRESS 

(PSI) 

1295 

1270 

1206 

1060 

1000 

1091 

1076 

1051 

958 

926 

1052 

1026 

983 

884 

856 

932 

897 

81 

TIME  OF 
OCCURRENCE 

(SEC.) 

7.70 

7.70 

5.04 

5.04 

7.70 

Z± 

CM 

• 

7.24 

5.04 

5.04 

7.24 

7.24 

7.24 

7.26 

7.24 

7.24 

DAM  ELEMENT 
NUMBER 

56 

56 

55 

56 

52 

56 

56 

56 

55 

52 

56 

56 

56 

52 

55 

56 

56 

5! 

STRESS  LOCATION 
NUMBER* 

2 

3 

2 

1 

2 

2 

3 

1 

2 

2 

2 

3 

fl 

2 

2 

3 

2 

1 

PEAK  TENSILE 
STRESS 
(PSI) 

785 

775 

753 

724 

707 

712 

699 

655 

640 

638 

639 

628 

586 

570 

567 

585 

577 

5‘ 

TIME  OF 
OCCURRENCE 
(SEC.) 

7.58 

7.58 

4.92 

7.58 

7.58 

7.58 

7.58 

7.58 

4.92 

7.58 

7.58 

7.58 

7.58 

7.58 

7.56 

7.56 

7.56 

I 

DAM  ELEMENT 

NUMBER 

9 

9 

8 

8 

9 

9 

9 

8 

8 

9 

9 

9 

8 

9 

9 

fl 

9 

STRESS  LOCATION 
NUMBER* 

1 

1 

1 

D 

3 

B 

fl 

1 

B 

3 

B 

1 

1 

3 

2 

fl 

1 

PEAK  TENSILE 

STRESS 

(PSI) 

1297 

1270 

1206 

1063 

1001 

1091 

1076 

1051 

959 

927 

1052 

1026 

983 

884 

857 

933 

fl 

8: 

TIME  OF 
OCCURRENCE 
(SEC. ) 

■ 

7.70 

5.04 

5.04 

7.70 

7.24 

7.24 

_ _ 

5.04 

5.04 

7.24 

7.24 

7.24 

7-26 

7.24 

7.24 

7.24 

7.24 

1 

*PEAK  TENSILE  STRESS  CORRESPONDS  TO  THE  PEAK  VALUE  IN  THE  STRESS  TIME-HISTORY  RESPONSE. 

*EACH  3-D  SOLID  DAM  ELEMENT  HAS  8  STRESS  LOCATIONS  (GAUSS  QUADRATURE  POINTS)  INSIDE  THE  ELEMENT.  THE 


HE  STRESSES*  (IN  DESCENDING  ORDER)  COMPUTED  AT  GAUSS  QUADRATURE  POINTS  INSIDE  THE  3-D  SOLID  DAM  ELEM 
INDATION  ROCK^WITH  FULL  RESERVOIR,  IS  DUE  TO  QUAKE  I  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  I 

\  '  : 


CASE  3 

n  =  o.io 

*  =  0.75 

\  CASE  4 

^  >7  —0.10 
ot  =  0.50 

1  1 

mm 

CASE  7 
n  =  o.i4 
a  0.75 

9 

8 

9 

9 

9 

B 

8 

\ 

9\ 

8 

9 

9 

8 

9 

8 

9 

9 

8 

8 

9 

9 

9 

8 

9 

8 

1 

1 

3 

2 

D 

1 

3 

B 

B 

D 

fl 

3 

fl 

B 

1 

1 

D 

1 

3 

H 

1 

1 

3 

fl 

026 

983 

884 

856 

932 

897 

887 

776 

768 

1165 

1079 

990 

910 

853 

917 

906 

880 

801 

783' 

919 

872 

867 

756 

744 

1 

7. 24 

7.26 

7.24 

7.24 

... 

7.26 

7.24 

7.26 

6.78 

6.78 

6.76 

6.78 

6.76 

7.24 

7.24 

5.04 

5.04 

1 

7.26 

7.24 

7.26 

7.26 

7.26 

< 

56 

56 

52 

55 

56 

56 

55 

56 

52 

56 

55 

56 

50 

51 

56 

55 

56 

50 

51 

56 

56 

55 

50 

56 

3 

1 

2 

2 

3 

2 

2 

1 

2 

3 

2 

. 

2 

2 

3 

3 

2 

2 

2 

3 

2 

3 

2 

2 

1 

628 

586 

570 

567 

585 

577 

544 

533 

526 

687 

679 

660 

651 

637 

593 

582 

573 

558 

532 

520 

51 1 

438 

483 

482 

P.58 

7.58 

7.58 

7.56 

7.56 

7.56 

7.56 

7.56 

7.56 

4.92 

4.92 

4.92 

4.92 

4.92 

4.92 

4.92 

7.58 

4.92 

4.92 

7.58 

. 

7.56 

4.92 

4.92 

5.38 

7 

9 

8 

9 

9 

9 

9 

8 

9 

8 

9 

9 

8 

9 

8 

9 

9 

8 

8 

9 

9 

9 

8 

9 

8 

1 

1 

3 

2 

D 

1 

1 

3 

B 

B 

B 

fl 

3 

fl 

fl 

■ 

1 

D 

•3  i; 

1 

l 

1 

3 

1 

1026 

983 

884 

857 

933 

g 

887 

776 

769 

1167 

1079 

992 

912 

855 

917 

907 

880 

803 

783 

919 

872 

868 

756 

746 

'.24 

7.26 

7.24 

7.24 

7.24 

7.24 

7.26 

7.24 

7.26 

6.78 

6.78 

_ 

6.76 

6.78 

6.76 

7.24 

7.24 

5.04 

5.04 

! 

7.26 

7.24 

g 

7.26 

7.26 

7 

1ISTORY  RESPONSE. 

> I  MTS )  INSIDE  THE  ELEMENT.  THE  LOCATIONS  ARE  NUMBERED  I  TO  8. 
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RE  POINTS  INSIDE  THE  3-D  SOLID  DAM  ELEMENTS.  STRESS 
N.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 


SE  6 
0.14 
0.90 


CASE  7 
n  -  0.14 
a  0.75 


CASE  8 
V  -  0. 1 4 
a  =  0.50 


9  8  8  9  9  9  8  9  8  9  8  9  8 


906  880  801  783  i  919  872  867  756  744  812  786  772  682  670 


7.2  4  5.04  5.04  7.2»H  7.26  7.24  7.26  7.26  7.26  7.26  7.26  7.24  7.26  7.24 


55  56  51  56  56  55  50  56  56  56  55  56  52 


2  2  2  3  2  3  2  2  1  3  2  2 


I 


OB 


582  573  558  532  520  51 1  43  8  483  482  494  486  460  446  438 


4.92  7.58  4.92  4.92  7.58  7  .  56  4.92  4  .  92  5.3  8  7. 56  7.5  6  7.5  6  7.5  6  7.56 


9  8  9  9  9  8  9  8  9  8  9  8  9 


907  880  803  783  919  872  868  756  746  812  786  772  683  670 


7.24  5.04  5.04  7.24  7.26  7.24  7.26  7.26  7.26  7.26  7.26  7.24  7.26  7.24 


3 
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TABLE  E-2:  SUMMARY  OF  THE  FIRST  FIVE  PEAK  TENSILE  STRESSES*  (IN  DESCEN0IN6 
FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR,  IS  DUE  TO  QW 
ARE  INCLUDED.  _ _ 


QUAKE  1 

CASE  1 

n  *  0. 10 
«  =  1.00 

CASE  2 

n  =  o.io 

a  =  0.90 

CASE  3 

>1  =  0.10 
«  =  0.75 

CASE 

T?  =  0. 

a  =  0 

arch  stress 

DAM 

NODAL  POINT 
NUMBER 

304 

303 

305 

302 

319 

303 

304 

302 

305 

319 

303 

304 

305 

319 

302 

303 

304 

305 

PEAK  TENSILE 

STRESS 
(PS  I) 

1629 

1567 

1432 

1355 

1304 

1319 

1235 

1209 

i 

1095 

1230 

1194 

1  117 

1064 

1049 

1106 

1054 

968 

TIME  OF 

OCCURRENCE 
(SEC.  ) 

7.70 

5.04 

7.92 

5-04 

5-04 

5.04 

7.24 

5.04 

7.24 

5.04 

7.26 

7.24 

7.24 

7.26 

7-26 

7.26 

7.24 

5.48 

CANTILEVER  STRESS 

DAM 

NODAL  POINT 

NUMBER 

484 

486 

472 

487 

481 

484 

486 

481 

472 

487 

484 

486 

487 

481 

476 

486 

484 

487 

PEAK  TENSILE 

STRESS 

(PSI) 

1497 

I486 

1476 

1445 

■ 

1444 

1382 

1334 

1330 

1 329 

1327 

1257 

1215 

1210 

1208 

1175 

1  133 

1  117 

1083 

TIME  OF 

OCCURRENCE 
(SEC- ) 

7.58 

4.92 

— 

4.92 

7.58 

7.58 

7.58 

7.58 

7.58 

4.92 

7.58 

7.58 

7.58 

7.58 

7.58 

— 

7.58 

7-56 

7.58 

7-56 

PRINCIPAL  STRESS 

DAM 

NODAL  POINT 
NUMBER 

304 

— 

472 

303 

484 

48! 

484 

472 

481 

476 

487 

484 

— 

481 

■■ 

472 

— 

476 

303 

484 

486 

481 

PEAK  TENSILE 
STRESS 
(PSI) 

1630 

1572 

1567 

1555 

1507 

1440 

1410 

1393 

1360 

1346 

1314 

1269 

1249 

1237 

1230 

1172 

1136 

1 

TIME  OF 
OCCURRENCE 

(SEC.  ) 

7.70 

4.92 

5.04 

7.58 

7.58 

7-58 

4.92 

7.58 

7.58 

7.58 

7.58 

7.58 

5.38 

I 

7.26 

_ 

7.58 

7.56 

7.58 

*peak  tensile  stress  corresponds  to  the  peak  value  in  the  stress  time-history  response. 


TRESSES*  (IN  DESCENDING  ORDER)  COMPUTED  AT  NODAL  POINTS  OF  THE  3-D  SOLID  DAM  ELEMENTS-  STRESS  RESPOI 
RESERVOIR,  IS  DUE  TO  QUAKE  I  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTA'1 


ASE  3 

=  0.10 
=  0.75 

CASE  4 

ri  =  0.10 

ct  =  0.50 

CASE  5 

=  0. 14 
a  =  1 . 00 

CASE  6 

T?  =  0.14 
a  =  0.90 

CASE  7 

7)  =  0.  14 
a  =  0.75 

305 

319 

302 

303 

304 

305 

302 

■ 

319 

304 

303 

3!  9 

305 

302 

303 

304 

302 

305 

319 

i303 

304 

. 

302 

303 

1064 

1049 

1106 

1054 

968 

965 

949 

1369 

1155 

1147 

1086 

1104 

1035 

1013 

998 

924 

1086 

1032 

949 

938 

924 

981 

1  1 

7.24 

7.26 

■ 

7.26 

7.26 

7.24 

5-48 

7.26 

7.26 

6.78 

6.78 

6.78 

6.78 

5.04 

5.04 

7-24 

5.04 

7.24 

7.26 

7.24 

7.26 

7.26 

7.26 

> 

487 

481 

476 

“ 

486 

484 

' 

487 

481 

472 

472 

486 

484 

487 

481 

472 

486 

484 

487 

■ 

481 

472 

484 

' 

486 

481 

476 

472 

5 

1210 

1208 

1  175 

!  133 

1117 

1083 

1072 

1042 

1391 

1344 

■ 

1258 

1247 

. 

1200 

1222 

1  194 

1141 

1107 

1102 

1065 

1051 

1040 

1025 

1020 

99 

58 

7.58 

7.58 

7.58 

7-56 

7.58 

7.56 

7.58 

5.38 

4.92 

4.92 

4.92 

4.92 

4.92 

4.92 

4.92 

7.58 

4.92 

5.38 

4.92 

7.58 

5.38 

5.38 

5.38 

6.1 

81 

472 

476 

' 

303 

484 

486 

481 

472 

303 

472 

304 

303 

486 

484 

472 

486 

484 

481 

476 

472 

484 

303 

48! 

476 

4’ 

269 

1249 

1237 

1230 

1172 

1136 

i 

1109 

1106 

1477 

1417 

1376 

1349 

1280 

1295 

1197 

1 

1149 

1128 

1 128 

1100 

1087 

1060 

1047 

1 

'.58 

5.38 

7.58 

7.26 

7.58 

7.56 

7.58 

' 

5.38 

7.26 

4.92 

6.78 

6.78 

4.92 

4.92 

4.92 

4.92 

7.58 

7.58 

5.38 

.j 

4.92 

7.58 

7.26 

7.58 

5.38 

e 

STORY  RESPONSE.. 
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DAL  POINTS  OF  THE  3-D  SOLID  DAM  ELEMENTS.  STRESS  RESPONSE,  COMPUTED 
TIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE 


14 

30 

■ 

CASE 

V  =  o. 

a  =  0. 

14 

90 

CASE  7 

71  =  0.14 
a  =  0.75 

CASE  £ 

n  =  o. 

a.  -  0. 

14 

50 

305 

302 

303 

304 

302 

305 

319 

bo3 

304 

305 

319 

302 

303 

304 

302 

319 

305 

1147 

1086 

1104 

1035 

(013 

998 

924 

1086 

1032 

949 

938 

924 

981 

906 

852 

840 

826 

5.78 

5.04 

5.04 

7.24 

5.04 

7.24 

7.26 

7.24 

7.26 

7-26 

7.26 

7.26 

7.26 

7.26 

7.24 

487 

481 

472 

486 

484 

487 

481 

472 

484 

486 

48  ( 

476 

472 

486 

484 

487 

481 

1247 

1200 

1222 

I  I  94 

1141 

1107 

1  102 

1065 

• 

■ 

1051 

1040 

1025 

1020 

991 

987 

965 

942 

926 

.92 

4.92 

4.92 

4.92 

7.58 

4.92 

' 

5.38 

■ 

4.92 

7.58 

5.38 

5.38 

5.38 

6.64 

7.56 

6.64 

— 

7.56 

6.64 

486 

484 

472 

486 

484 

481 

476 

472 

484 

303 

481 

476 

472 

484 

486 

303 

481 

S 

1280 

1295 

1  197 

i 

1149 

1  128 

1 128 

1  100 

1087 

1060 

1047 

1044 

994 

989 

1 

956 

.92 

— 

4.92 

4.92 

4.92 

7.58 

7.58 

5.38 

1 

4.92 

7.58 

7.26 

7.58 

5.38 

— 

6.64 

7.58 

fl 

7.26 

7.58 

TABLE  E-3: SUMMARY  OF  THE  FIRST  FIVE  PEAK  TENSILE  STRESSES*  (IN  DESCEND  I N( 
COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR,  IS 
PRESSURE  ARE  INCLUDED. 


QUAKE  2 

CASE  9 

Tl  =0.10 

a  =  1.00 

CASE  10 

n  =  o. io 

a  -  0.90 

CASE  II 
=0.10 
a  =  0.75 

CASE 

n  =  ( 
or  =  ( 

ARCH  STRESS 

DAM  ELEMENT 
NUMBER 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

STRESS  LOCATION 
NUMBER1 

4 

1 

1 

3 

2 

1 

1 

1 

3 

2 

1 

1 

1 

3 

H 

1 

1 

PEAK  TENSILE 

STRESS 

(psi) 

1758 

1708 

1528 

1469 

1423 

1831 

1744 

* 

1635 

1 

I44> 

1664 

1588 

CM 

OO 

=r 

1378 

1315 

1401 

1341 

12' 

TIME  OF 
OCCURRENCE 

(SEC.) 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

CANTILEVER  STRESS 

DAM  ELEMENT 
NUMBER 

56 

56 

56 

52 

57 

56 

56 

56 

52 

57 

56 

56 

56 

52 

57 

56 

56 

5< 

STRESS  LOCATION 
NUMBER^ 

2 

3 

1 

2 

fl 

2 

3 

I 

2 

B 

2 

3 

1 

2 

fl 

2 

3 

1 

PEAK  TENSILE 
STRESS 

(PSD 

1053 

1001 

989 

974 

965 

1035 

988 

973 

961 

940 

926 

883 

867 

855 

837 

762 

725 

71 

TIME  OF 
OCCURRENCE 

(SEC. ) 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

. 

4.78 

4.78 

4.78 

4.78 

I 

PRINCIPAL  STRESS 

DAM  ELEMENT 
NUMBER 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

_ 

9 

8 

STRESS  LOCATION 
NUMBER^ 

4 

1 

1 

3 

2 

1 

1 

1 

3 

2 

B 

fl 

1 

3 

2 

1 

1 

PEAK  TENSILE 
STRESS 
(PSD 

1758 

1708 

1530 

1470 

1424 

1831 

1744 

1636 

1519 

1447 

1665 

1588 

1483 

1378 

1315 

CM 

O 

=*• 

1341 

12' 

TIME  OF 
OCCURRENCE 

(SEC. ) 

4.66 

4.66 

4.66 

4.66 

4.66 

_ 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

*PEAK  TENSILE  STRESS  CORRESPONDS  TO  THE  PEAK  VALUE  IN  THE  STRESS  TIME-HISTORY  RESPONSE. 

+EACH  3-0  SOLID  DAM  ELEMENT  HAS  8  STRESS  LOCATIONS  (GAUSS  QUADRATURE  POINTS)  INSIDE  THE  ELEMENT,  THE  LOCA 


LE  STRESSES*  (  IN  DESCENDING  ORDER)  COMPUTED  AT  GAUSS  QUADRATURE  POINTS  INSIDE  {THE  3-D  SOLID  DAM  ELEME 
CK  WITH  FULL  RESERVOIR,  IS  DUE  TO  QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM 


CASE  1 1 

n  =o.io 

a  =0.75 

CASE  12 
n  =0.10 
or  =  0.50 

CASE  13 
n  =  0. 14 
«  =  1.00 

CASE  14 

71  =  0.  1  4  1 

or  =  0. 90  j 

CASE  15 

7?  =0.14 
a  =0.75 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9  : 

j 

9 

9 

8 

9 

9 

1 

1 

3 

2 

1 

1 

1 

3 

2 

1 

fl 

1 

3 

2 

fl 

1 

1 

3 

2 

1 

1 

1 

3 

2 

588 

IIL82 

1378 

1315 

1401 

1341 

1240 

1155 

1 104 

1434 

1394 

1247 

1197 

1160 

1546 

1472 

1387 

1283 

1222! 

! 

1  I 

1415 

1351 

1264 

1  172 

1119 

1 

.66 

4.  66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4. 66 

4.66 

4.66 

4.66 

4.66 

4.66 

4 

56 

52 

57 

56 

56 

56 

52 

B 

56 

51 

56 

56 

52 

56 

56 

56 

52 

57  | 

56 

56 

56 

52 

57 

3 

1 

2 

1 

2 

3 

1 

2 

3 

2 

3 

3 

1 

2 

2 

3 

1 

2 

fl 

2 

3 

I 

2 

1 

883 

867 

855 

837 

762 

725 

710 

697 

691 

825 

817 

810 

769 

753 

851 

813 

797 

785 

768 

767 

733 

716 

702 

689 

e 

.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

3.12 

4.78 

3.12 

3.14 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

9 

9 

8 

9 

9 

1 

1 

3 

2 

1 

1 

1 

3 

2 

1 

fl 

1 

3 

2 

fl 

1 

1 

3 

2 

fl 

1 

1 

3 

2 

588 

1483 

1378 

1315 

1402 

1341 

1241 

1155 

1  104 

.. 

1435 

1394 

1248 

1198 

1160 

1546 

1472 

1388 

1283 

1222 

1415 

1351 

1265 

1 172 

II  19 

I: 

.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4 

RY  RESPONSE. 

)  INSIDE  THE  ELEMENT.  THE  LOCATIONS  ARE  NUMBERED  I  TO  8. 
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RE  POINTS  INSIDE  {THE  3-D  SOLID  DAM  ELEMENTS.  STRESS  RESPONSE, 
C  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC 


CASE  14 
71  =0.14 
«  =  0.90 


CASE  15 
n  =0.14 


9  8  9  9,9  9  8  9 


3  2 


1472  1387  1283  1222  1415  1351  1264  1 172  II 19  1202  1153  1060  990  949 


4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66 


9  8  9  9  9  9  8  9  9  9  9  8  9  9 


9 

9 

CO 

CM 

1283 

1222 

4.66 

4.66 

56 

56 

2 

3 

767 

. 

733 

4.78 

4.78 

9 

9 

3 

2 

1172 

1119 

4.66 

L 

4.66 

9 

1 

9  i 

3 

2 

990 

949 

4.66 

4.66 

BflflBflflDB 


56 

50 

51 

55 

56 

2 

2 

3 

2 

3 

637 

628 

625 

612 

605 

4.78  4.78  4.78  4.78  4.78  4  .  78  4.78  4.78  4.78  4.78  3.  12  3.  12  3.  12  4.78 


3  2 


1472  1388  1283  1222  1415  1351  1265  1 172  II 19  1202  1153  1062  990  949 


4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66 


9 

9 

3 

2 

1 172 

II  19 

4.66 

4.66 

332 


3 


TABLE  E -4: SUMMARY  OF  THE  FIRST  FIVE  PEAK  TENSILE  STRESSES*  (IN  DESCENDING 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR,  IS  DUE  TO  QUAKE  2 
INCLUDED. 


QUAKE  2 

CASE  9 
=0.10 

«  =  1.00 

CASE  10 

n  =  0. 10 
of  =  0.90 

CASE  1  1 

1 1  =0.10 
a  =  0.75 

CASE  1 

?[  =  0.  i 

or  ■  0.! 

ARCH  STRESS 

DAM 

NODAL  POINT 
NUMBER 

304 

303 

305 

319 

320 

303 

304 

319 

305 

302 

303 

304 

319 

305 

302 

304 

303 

305 

PEAK  TENSILE 
STRESS 
(PS  I ) 

2032 

1983 

1830 

1749 

1603 

2124 

21 10 

1856 

1832 

1701 

1929 

1920 

1685 

1671 

1540 

1624 

1623 

1417 

TIME  OF 
OCCURRENCE 

(SEC. ) 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

CANTILEVER  STRESS 

DAM 

NODAL  POINT 
NUMBER 

484 

481 

476 

487 

486 

484 

481 

476 

487 

486 

484 

481 

476 

487 

486 

— 

472 

484 

481 

PEAK  TENSILE 
STRESS 
(PSi) 

2015 

I 

1935 

1861 

1839 

1973 

1921 

1898 

1830 

1810 

1784 

1734 

1710 

1656 

1640 

1499 

1497 

1451 

TIME  OF 
OCCURRENCE 

(SEC.  ) 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

■ 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

4.78 

3.12 

4.78 

4.7E 

PRINCIPAL  STRESS 

DAM 

NODAL  POINT 
NUMBER 

484 

304 

481 

476 

303 

1 

304 

484 

481 

476 

— 

. 

303 

304 

484 

481 

476 

303 

304 

472 

PEAK  TENSILE 
STRESS 
(PSD 

2062 

2033 

2012 

1990 

1987 

2126 

2110 

2022 

1974 

1954 

1931 

1921 

1829 

1783 

1762 

1625 

1624 

1  57M 

TIME  OF 
OCCURRENCE 

(SEC. ) 

4.78 

4.66 

4.78 

4.78 

4.66 

4.66 

4.66 

4.78 

_ 

4.78 

' 

4.78 

4.66 

4.66 

4.78 

4.78 

4.78 

4.66 

4.66 

1 

*P£AK  TENSILE  STRESS  CORRESPONDS  TO. THE  PEAK  VALUE  IN  THE  STRESS  TIME-HISTORY  RESPONSE. 
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5ILE  STRESSES*  (IN  DESCENDING  ORDER)  COMPUTED  AT  NODAL  POINTS  OF  THE  3-D  SOLID  DAM  ELEMENTS.  STRESS 
L  RESERVOIR,  IS  DUE  TO  QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROST 


CASE  II 

n  =0.10 

a  =  0.75 

CASE  12 
rj  =0.10 
a  «  0.50 

CASE  13 

n  =0.14 
a  =i.oo 

CASE  14 

n  =0.14 

a  =  0.90 

CASE  15 
n  =0.14 
a  =  0.75 

30*4- 

319 

305 

302 

304 

303 

305 

319 

302 

304 

303 

305 

319 

320 

303 

304 

319 

305 

302 

303 

304 

319 

305 

302 

■ 

1920 

1685 

1671 

1540 

1624 

1623 

1417 

1413 

1285 

1658 

1616 

1499 

1424 

1310 

1790 

1774 

1564 

1547 

1444 

1636 

1628 

1429 

1425 

1 3 1 S 

1 

4.66 

— 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.66 

4.6< 

481 

476 

487 

486 

472 

484 

481 

476 

487 

472 

484 

481 

486 

476 

484 

472 

481 

476 

487 

484 

472 

481 

476 

487 

\  i 

1734 

1710 

1656 

<Ti 

O 

1499 

1497 

1451 

1428  | 

1390 

1735 

1618 

1569 

1551 

1544 

1650 

1603 

1603 

1581 

1534 

1506 

1492 

1460 

J  437 

140 

8 

— J 

4.78 

4.78 

4.78 

4.78 

3.  12 

4. 78 

4.78 

4.78 

4.78 

3.  12 

4.78 

4.78 

3.12 

4.78 

4.78 

3. 12 

j 

4.78 

! 

4.78 ' 

4.78 

4.78 

3. 12 

4.78 

4.78 

1 

304 

484 

481 

476 

303 

304 

472 

484 

481 

472 

304 

484 

303 

i 

481 

303 

304 

484 

472 

481 

303 

304 

472 

434 

48 

1921 

1829 

1783 

1762 

1625 

1624 

1574 
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1495 

1820 

1659 

• 

1658 

1619 

1612 

1791 

i 

1774 

'  ! 

1692 

1682 

1650 

1638 

'  '  ! 

1629 

1564 

1545 

1  5( 

16 

4.66 

4.78 

4.78 

4.78 

4.66 

4.66 

3.12 

4.78 

4.78 

3.12 

t 

4,66 

4.  78 

1 

4.66 

4.78 

4.66 

4.66 

4.78 

3. 12 

4.78 

i 

4.66 

4.66 

3.12 

4.78 

1 

■HISTORY  RESPONSE. 
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S  OF  THE  3-D  SOLID  DAM  ELEMENTS.  STRESS  RESPONSE,  COMPUTED  FOR 
)UE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE  ARE 


CASE  14 
n  =0.14 
a  =0.90 


CASE  15 
n  =0.14 
a  =  0.75 


CASE  16 
r\  =0.14 
a  =  0.50 


303  304  319  305  302  303  304  319  305  302  304  303  305  319  302 


790  1774  1564  1547  1444  1636  1628  1429  1425  1312  1392  1386  1224  1206  1097 


.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66  4.66 


484  472  481  476  487  484  472  481  476  487  472  484  481  476  486 


650  1 603  1 603  1 58 1  1 534  1 506  1492  1 460  1 437  1 40 1 1 1 375  1278  1 237  1 2 1 4  1204 


78  3.  12  4.78  4.78  4.78  4.78  3. 12  4.78  4.78  4.78  3. 12  4.78  4.78  4.78  3. 12 


303  304  484  472  481  303  304  472  4^4  481,472  304  303  484  481 


79 1  1774  1 692  1 682  1650  1638  1629  1564  1545  1503  1439  1392  1388  1314  1 275 


4.66  4.78  3. 12  4.78  4.66  4.66  3. 12  4.78  4.78  3. 12  4.66  4.66  4.78  4.78 


333 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-i  CANTILEVER  STRESS  RESPONSE  AT  NODAL  POINT  472  DUE  TO  QUAKE  1, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDRO¬ 
STATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION 
ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET) . 
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FIGURE  E-2  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  303  DUE  TO  QUAKE  1, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-3  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  22  DUE  TO  QUAKE  1, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-4  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  149  DUE  TO  QUAKE  1, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-5  CANTILEVER  STRESS  RESPONSE  AT  NODAL  POINT  149  DUE  TO  QUAKE  1, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDRO¬ 
STATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION 
ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET) . 
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CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-7  ARCH  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN  ELEMENT  9 
DUE  TO  QUAKE  t,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT 
OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE 
DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVA¬ 
TION  =  527  FEET). 
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FIGURE  E-9  CANTILEVER  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  38  DUE  TO  QUAKE  l,  INCLUDING  THE  STATIC  STRESSES  DUE 
TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE 
IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL 
RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 
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FIGURE  E-IO  CANTILEVER  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  56  DUE  TO  QUAKE  1,  INCLUDING  THE  STATIC  STRESSES  DUE 
TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE 
IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL 
RESERVOIR  (POOL  ELEVATION  =  527  FEET)  . 


CONSTANT  HYSTERETIC  DAMPING  FACTOR 
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FIGURE  E-1 1  CANTILEVER  STRESS  RESPONSE  AT  NODAL  POINT  472  DUE  TO 
QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE 
DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON 
FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527 
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FIGURE  E-12  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  303  DUE  TO  QUAKE  2 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 
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FIGURE  E-13  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  22  DUE  TO  QUAKE  2, 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET) . 
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FIGURE  E-14  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  149  DUE  TO  QUAKE  2 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 
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FIGURE  E-16  ARCH  STRESS  RESPONSE  AT  NODAL  POINT  217  DUE  TO  QUAKE  2 
INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET). 
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FIGURE  E-l 7  ARCH  STRESS  RESPONSE  AT  STRESS  LOCATION  4  IN  ELEMENT  9 
DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF 
THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  CPOOL  ELEVATION  = 
527  FEET)  . 
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FIGURE  E- 1 8  ARCH  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN  ELEMENT  38 
DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF 
THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE  IS  COMPUTED  FOR  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  = 
527  FEET) . 
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FIGURE  E-19  CANTILEVER  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  38  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE 
TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE 
IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL 
RESERVOIR  CPOOL  ELEVATION  =  527  FEET). 
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FIGURE  E-20  CANTILEVER  STRESS  RESPONSE  AT  STRESS  LOCATION  2  IN 
ELEMENT  56  DUE  TO  QUAKE  2,  INCLUDING  THE  STATIC  STRESSES  DUE 
TO  DEAD  UEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE.  RESPONSE 
IS  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL 
RESERVOIR  (POOL  ELEVATION  =  527  FEET). 


WAVE  REFLECTION  COEFFICIENT  =0.75 
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ELEVATION  (FEET)  ELEVATION  (  FEET)  ELEVATION 


ELEVATION  ( FEET  )  ELEVATION  (  FEET  )  ELEVATION  ( FEET) 


STRESSES  ALONG  CROWN  CANTILEVER  (SECTION  7) 


- UPSTREAM  FACE  - DOWNSTREAM  FACE 


CANTILEVER  STRESS  (PSI  ) 


PRINCIPAL  STRESS  (PSI) 


FIGURE  E-23  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  UPSTREAM  AND 
DOWNSTREAM  FACES  OF  THE  DAM  ALONG  CROWN  CANTILEVER.  STRESS  RESPONSE,  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET), 
IS  DUE  TO  QUAKE  I  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE  ARE  INCLUDED.  Tj  =O.IH 
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ELEVATION  (  FEET)  ELEVATION  (  FEET  )  ELEVATION  ( FEET ) 


STRESSES  ALONG  SECTION  8 


- UPSTREAM  FACE  - DOWNSTREAM  FACE 


PRINCIPAL  STRESS  (PSD 


FIGURE  E-24  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  UPSTREAM  AND 
DOWNSTREAM  FACES  OF  THE  DAM  ALONG  SECTION  8.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE 
TO  QUAKE  I  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC 
PRESSURE  ARE  INCLUDED.  7}  =  0.  14 
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FIGURE  E-25  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  UPSTREAM  AND 
DOWNSTREAM  FACES  OF  THE  DAM  ALONG  SECTION  6.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE 
TO  QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC 
PRESSURE  ARE  INCLUDED.  77  =  0.14 
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FIGURE  E-26  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  UPSTREAM  AND 
DOWNSTREAM  FACES  OF  THE  DAM  ALONG  CROWN  CANTILEVER.  STRESS  RESPONSE,  COMPUTED  FOR 
THE  DAM  ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET), 
IS  DUE  TO  QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND 
HYDROSTATIC  PRESSURE  ARE  INCLUDED.  77=0.14 
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FIGURE  E-27  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  UPSTREAM  AND 
DOWNSTREAM  FACES  OF  THE  DAM  ALONG  SECTION  8.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM 
ON  FLEXIBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE 
TO  QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC 
PRESSURE  ARE  INCLUDED.  tt=O.I4 
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FIGURE  E-29  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  MID-SURFACE 
OF  THE  DAM  ALONG  CROWN  CANTILEVER.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE  TO  QUAKE  I 
EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE 
ARE  INCLUDED.  7]  =  0.14 
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FIGURE  E-30  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  MID  -SURFACE 
OF  THE  DAM  ALONG  SECTION  8.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE  FOUN¬ 
DATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE  TO  QUAKE  I 
EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE 
ARE  INCLUDED.  7)  -  0. 14 
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FIGURE  E-3 I  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  MID-SURFACE 
OF  THE  DAM  ALONG  SECTION  6.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM  ON  FLEXIBLE 
FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE  TO  QUAKE  2 
EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC  PRESSURE 
ARE  INCLUDED.  T}=  0.11 
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FIGURE  E-32  PEAK  STRESSES  (ARCH,  CANTILEVER,  AND  PRINCIPAL  STRESSES)  ON  MID-SURFACE 
OF  THE  DAM  ALONG  CROWN  CANTILEVER.  STRESS  RESPONSE,  COMPUTED  FOR  THE  DAM  ON  FLEX¬ 
IBLE  FOUNDATION  ROCK  WITH  FULL  RESERVOIR  (POOL  ELEVATION  =  527  FEET),  IS  DUE  TO 
QUAKE  2  EXCITATION.  STATIC  STRESSES  DUE  TO  DEAD  WEIGHT  OF  THE  DAM  AND  HYDROSTATIC 
PRESSURE  ARE  INCLUDED.  7j  -  0.14 
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